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SLURRY ATOMI8ATION USING MIXED GAS PLASMAS 
PHILLIP STEPHEN GOODALL BSC, MSc, CChem, MRSC 
A B S T R A C T 
The use o f m o l e c u l a r gas a d d i t i o n as v o l a t i l i s a t i o n a i d s i n 
s l u r r y n e b u l i s a t i o n i n d u c t i v e l y c o u p l e d .plasma a t o m i c 
e m i s s i o n s p e c t r o m e t r y (SN-ICP-AES) has been' i n v e s t i g a t e d 
u s i n g a c o m b i n a t i o n o f r i g o r o u s o p t i m i s a t i o n s t r a t e g i e s and 
s p e c t r o c h e m i c a l measurements- . . 
Three gases were s t u d i e d , n i t r o g e n , h e x a f l u o r e t h a n e ( F r e o n 
116) and h y d r o g e n . N i t r o g e n a d d i t i o n ' d i d n o t a p p e a r t o 
o f f e r any b e n e f i t s i n terms o f improved a c c u r a c y o f SN-ICP-
AES, w h i l s t t h e i n t r o d u c t i o n o f Freon' 116 was n o t a b l e f o r 
some u n u s u a l plasma c h e m i s t r y . The i n t r o d u c t i o n o f Freon 
116 y i e l d e d n o n - l i n e a r c a l i b r a t i o n c u r v e s w h i c h w e r e 
a t t r i b u t e d t o a c l a s s i c a l m a s s - a c t i o n b u f f e r i n v o l v i n g 
h i g h l y s t a b l e m e t a l f l u o r i d e s . The a d d i t i o n o f h y d r o g e n 
r e s u l t e d i n an i m p r o v e m e n t i n a n a l y t i c a l a c c u r a c y 
c o r r e s p o n d i n g t o t h e e l i m i n a t i o n o f t h e i n t e r f e r e n c e f r o m 
i n c o m p l e t e d e c o m p o s i t i o n o f r e f r a c t o r y s l u r r y p a r t i c l e s . 
T h i s a b i l i t y t o decompose r e f r a c t o r y p a r t i c l e s was r e f l e c t e d 
i n h i g h e r r o t a t i o n a l t e m p e r a t u r e s due t o i n c r e a s e d e n e r g y 
t r a n s f e r from t h e t o r o i d a l t o a n n u l a r r e g i o n o f t h e ICP as a 
consequence o f t h e h i g h e r t h e r m a l c o n d u c t i v i t y o f hydrogen 
compared w i t h a r g o n . T h i s p r o c e s s a p p e a r e d t o be s e l f 
l i m i t i n g and a mechanism was p r o p o s e d t o a c c o u n t f o r t h i s 
b e h a v i o u r . 
The c o r r e l a t i o n o f a n a l y t i c a l r e c o v e r y , p a r t i c l e s i z e and 
t r a n s p o r t p r o p e r t i e s i n d i c a t e d t h a t a c c u r a t e a n a l y s e s by 
SN-ICP-AES, u s i n g d i r e c t aqueous c a l i b r a t i o n , r e q u i r e d a 
maximum p a r t i c l e s i z e o f 2 /im, t h i s l i m i t b e i n g c o n s i s t e n t 
w i t h a model based upon occupancy o f a e r o s o l d r o p l e t s by 
s l u r r y p a r t i c l e s . 
The m o d i f i c a t i o n o f t h e plasma by a d d i t i o n o f h y d r o g e n i n 
ICP-mass s p e c t r o m e t r y was shown t o have some u t i l i t y i n 
r e d u c i n g t h e i n t e r f e r e n c e o f o x i d e s o f l i g h t upon h e a v i e r 
r a r e e a r t h e l e m e n t s b u t d e g r a d e d t h e s e l e c t i v i t y o f t h e 
t e c h n i q u e w i t h r e s p e c t t o a r g o n - m a t r i x element s p e c i e s . 
The e x t e n t o f e q u i l i b r i u m i n t h e ICP was s t u d i e d u s i n g i o n 
t o atom e m i s s i o n r a t i o s w i t h p a r t i c u l a r r e f e r e n c e t o t h e 
e f f e c t s o f h y d r o g e n a d d i t i o n . I n f r a - t h e r m a l p o p u l a t i o n s 
w e r e i n d i c a t e d w h i l s t h y d r o g e n a d d i t i o n a p p e a r e d t o 
e q u i l i b r a t e t h e system. Mechanisms were proposed t o account 
f o r t h i s b e h a v i o u r and t e n d e d t o s u p p o r t a c o l l i s i o n a l -
r a d i a t i v e d e s c r i p t i o n o f t h e plasma. 
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INTRODUCTION 
1.1 SLURRY NEBULISATION INDUCTIVELY COUPLED PLASMA ATOMIC 
EMISSION AND MASS SPECTROMETRY 
Pneumatic n e b u l i s a t i o n i s t h e most common s o l u t i o n t o t h e 
problem o f i n t r o d u c i n g a n a l y t e m a t e r i a l i n t o t h e i n d u c t i v e l y 
c o u p l e d plasma f o r a t o m i c e m i s s i o n , o r i n c r e a s i n g l y , mass 
s p e c t r o m e t r y . Many samples, u n f o r t u n a t e l y , a r e n o t s i m p l e 
s o l u t i o n s b u t s o l i d s . These may r e q u i r e e x t e n s i v e t r e a t m e n t 
t o b r i n g i n t o s o l u t i o n , u s i n g h a z a r d o u s and t i m e consuming 
p r o c e d u r e s w i t h a t t e n d a n t r i s k s o f c o n t a m i n a t i o n , l o s s o f 
v o l a t i l e a n a l y t e s and i n c o m p l e t e d i s s o l u t i o n . 
A l t e r n a t i v e t e c h n i q u e s f o r t h e i n t r o d u c t i o n o f s o l i d 
m a t e r i a l d i r e c t l y i n t o t h e plasma a r e a v a i l a b l e b u t o f t e n 
a r e i n f l e x i b l e , r e q u i r e e x t e n s i v e m o d i f i c a t i o n t o 
i n s t r u m e n t a t i o n and c l o s e l y m a t r i x matched s o l i d s t a n d a r d s 
f o r c a l i b r a t i o n . 
The d e v e l o p m e n t o f h i g h s o l i d s p n e u m a t i c n e b u l i s e r s has 
a l l o w e d t h e m e r g i n g o f t h e s e two s e p a r a t e p h i l o s o p h i e s o f 
s a m p l e i n t r o d u c t i o n : - s l u r r y n e b u l i s a t i o n i n d u c t i v e l y 
c o u p l e d p l a s m a a t o m i c s p e c t r o m e t r y . T h i s i n v o l v e s 
s u s p e n d i n g a f i n e l y g r o u n d s o l i d i n an aqueous o r n o n -
a q u e o u s medium s u c h t h a t i t b e h a v e s , i n b o t h t e r m s o f 
t r a n s p o r t i n t o , a n d a t c m i s a t i o n / e x c i t a t i o n i n , a n 
i n d u c t i v e l y c o u p l e d plasma as i f i t were a s i m p l e s o l u t i o n . 
Under t h e s e c o n d i t i o n s , c a l i b r a t i o n can be p e r f o r m e d u s i n g 
-2 
s i m p l e aqueous s o l u t i o n s . 
S l u r r y n e b u l i s a t i o n i n d u c t i v e l y c o u p l e d p l a s m a a t o m i c 
s p e c t r o m e t r y (SN-ICP-AS) has t o a c o n s i d e r a b l e d e g r e e been 
r e s t r i c t e d t o t h e a n a l y s i s o f g e o l o g i c a l - t y p e m a t e r i a l s eg. 
o x i d e p o w d e r s , r o c k s , o r e s , m i n e r a l s , c l a y s , c o a l s and 
s o i l s . T h i s i s n o t w i t h o u t m e r i t s i n c e t h e s e a r e t h e v e r y 
m a t e r i a l s w h i c h a r e most t r o u b l e s o m e t o b r i n g i n t o s o l u t i o n 
u s i n g c o n v e n t i o n a l s o l u b l i s a t i o n t e c h n i q u e s . 
T h i s r e v i e w o f t h e l i t e r a t u r e has been b r o a d l y c l a s s i f i e d 
i n t o t w o s e c t i o n s d e p e n d i n g u p o n w h e t h e r t h e w o r k was 
g e n e r a l l y concerned w i t h a p p l i c a t i o n s o f s l u r r y n e b u l i s a t i o n 
i n d u c t i v e l y c o u p l e d plasma a t o m i c emission/mass s p e c t r o m e t r y 
(SN-ICP-AES/MS) o r w i t h t h e fundamental problems a s s o c i a t e d 
w i t h t h e i n t r o d u c t i o n o f a s l u r r y i n t o an ICP. 
1.1.2 APPLICATIONS OF SLURRY NEBULISATION INDUCTIVELY 
COUPLED PLASMA SPECTROMETRY 
H i s t o r i c a l l y , SN-ICP-AES was f i r s t d e m o n s t r a t e d on a p u r e l y 
q u a l i t a t i v e b a s i s by G r e e n f i e l d e t a i . ( 1 ) who n e b u l i s e d 
a l u m i n a s l u r r i e s and o b s e r v e d t h e e m i s s i o n f r o m a l u m i n i u m . 
T h i s r e m a i n e d t h e s t a t e o f t h e a r t u n t i l t h e e a r l y 1980s. 
The a n a l y s i s o f g e o l o g i c a l m a t e r i a l s ( I l l i m i n i t e and R u t i l e ) 
was r e p o r t e d by F u l l e r e t a l . ( 2 ) . S l u r r i e s were p r o d u c e d 
by d i s p e r s i n g f i n e l y m i l l e d powders i n d i l u t e aqueous sodium 
h e x a m e t a p h o s p h a t e s o l u t i o n , t h e r e s u l t a n t s l u r r i e s b e i n g 
" s t a b i l i s e d " by t h e use o f g e l l i n g a g e n t s . Low r e c o v e r i e s 
compared t o aqueous c a l i b r a t i o n (R = 20-50%) were o b t a i n e d 
even when a l l p a r t i c l e s were s m a l l e r t h a n 6 ^m, a l t h o u g h i t 
i s n o t c l e a r w h e t h e r t h e aqueous s t a n d a r d s w e r e m a t r i x 
matched w i t h t h e g e l l i n g a g e n t s . The s l u r r i e s gave a l i n e a r 
response f o r e m i s s i o n i n t e n s i t y v e r s u s s l u r r y c o n c e n t r a t i o n 
up t o 10% m/v sample l o a d i n g . U s i n g c l o s e l y m a t r i x matched 
s t a n d a r d s l u r r i e s , good t o r e a s o n a b l e agreement was o b t a i n e d 
w i t h c e r t i f i c a t e v a l u e s f o r a range o f s i l i c a t e r o c k s and 
r u t i l e o r e c e r t i f i e d r e f e r e n c e m a t e r i a l s (CRM). 
The a n a l y s i s o f c l a y s s e p a r a t e d from s o i l s by s e d i m e n t a t i o n 
and c e n t r i f u g a t i o n was r e p o r t e d by S p i e r s e t a l . ( 3 ) . A f t e r 
d i s p e r s i o n o f t h e s e p a r a t e d c l a y s i n e i t h e r w a t e r o r d i l u t e 
aqueous h y d r o c h l o r i c a c i d (2 mol dm""^) , t h e s l u r r i e s were 
n e b u l i s e d v i a a c o n c e n t r i c g l a s s n e b u l i s e r a t s a m p l e 
l o a d i n g s o f 0.05-2% m/v. The e m i s s i o n s i g n a l was depressed 
a t h i g h e r sample c o n c e n t r a t i o n s b u t seemed i n d e p e n d e n t o f 
t h e d i s p e r s a n t used. Subsequent a n a l y s e s were p e r f o r m e d 
u s i n g s a m p l e l o a d i n g s o f 0 . 1 - 0 . 2 % m/v a n d w a t e r a s 
d i s p e r s a n t . R e s u l t s f o r 12 e l e m e n t s i n 19 samples were 
c o r r e l a t e d a g a i n s t v a l u e s o b t a i n e d f r o m aqueous e x t r a c t s o f 
sodium c a r b o n a t e f u s i o n s and showed a v e r y h i g h d e g r e e o f 
c o r r e l a t i o n a l t h o u g h r e c o v e r i e s were o v e r a l l , s l i g h t l y low, 
( s l o p e o f c o r r e l a t i o n g r a p h = 1.07-1.09). A l t e r n a t i v e l y , 
c a l i b r a t i o n was o b t a i n e d u s i n g s t a n d a r d s l u r r i e s p r e p a r e d 
f r o m c l a y CRMs, r e s u l t s f o r a n a l y s e s o f o t h e r c l a y s t h e n 
showed e x c e l l e n t agreement w i t h v a l u e s f r o m an i n d e p e n d e n t 
method ( E l e c t r o n M i c r o p r o b e ) . 
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The a n a l y s i s o f k a o l i n was r e p o r t e d by Ebdon and C o l l i e r 
( 4 ) , s l u r r i e s were p r e p a r e d by d i s p e r s i n g k a o l i n powders i n 
d i l u t e aqueous ammonium h y d r o x i d e ( 0 . 3 5 % m/v NH^OH) u s i n g 
u l t r a - s o n i c a g i t a t i o n . The s a m p l e i n t r o d u c t i o n s y s t e m 
c o n s i s t e d o f a S c o t t t y p e d o u b l e pass s p r a y chamber w i t h a 
h i g h s o l i d s v - g r o o v e n e b u l i s e r and a 2 mm i n s i d e d i a m e t e r 
i n j e c t o r t u b e . 
The s y s t e m was o p t i m i s e d f o r t h e i n t r o d u c t i o n o f k a o l i n 
s l u r r i e s u s i n g t h e s i g n a l t o b a c k g r o u n d r a t i o (SBR) o f Mg 
( I I ) 280.27 nm as t h e f i g u r e o f m e r i t . The e m i s s i o n 
r e s p o n s e o b t a i n e d was l i n e a r w i t h r e s p e c t t o a n a l y t e 
e m i s s i o n v e r s u s s l u r r y c o n c e n t r a t i o n up t o a p p r o x i m a t e l y 7-
8% m/v s l u r r y c o n c e n t r a t i o n . T h i s e f f e c t was a t t r i b u t e d t o 
g r o s s n e b u l i s a t i o n e f f e c t s c a u s e d by c h a n g e s i n s a m p l e 
v i s c o s i t y and was c o m p l e t e l y compensated f o r by t h e use o f 
an i n t e r n a l s t a n d a r d . Poor r e c o v e r i e s were o b s e r v e d f o r 
c l a y s o f known c o m p o s i t i o n . T h i s was a t t r i b u t e d t o 
p a r t i c l e s i z e e f f e c t s w i t h t h e sample i n t r o d u c t i o n s y s t e m 
r e j e c t i n g a l l p a r t i c l e s > 2 ^m, t h e k a o l i n i t e s a m p l e s 
s t u d i e d h a d a p a r t i c l e s i z e d i s t r i b u t i o n (PSD) w i t h a 
c o n s i d e r a b l e v o l u m e f r a c t i o n > 2 /xm. C a l i b r a t i o n was 
o b t a i n e d a g a i n s t aqueous s t a n d a r d s w h i c h had been m a t r i x 
matched a g a i n s t t h e d i s p e r s a n t (aqueous ammonium h y d r o x i d e ) . 
I n i t i a l e x p e r i m e n t s had shown i m p r o v e d r e c o v e r i e s b u t t h i s 
must be t r e a t e d w i t h some c a u t i o n because o f t h e p o t e n t i a l 
p r o b l e m s a r i s i n g f r o m p r e c i p i t a t i o n o f i r o n ( I I I ) h y d r o x i d e 
and c o - p r e c i p i t a t i o n o f o t h e r c o m p o n e n t s o f t h e m u l t i -
e lement s t a n d a r d s . 
I m p r o v e d r e c o v e r i e s were o b t a i n e d by t h e use o f s i l i c o n as 
an i n t r i n s i c i n t e r n a l s t a n d a r d t o c o r r e c t f o r s a m p l e 
t r a n s p o r t l o s s e s , t h e s i l i c o n c o n t e n t o f k a o l i n i t e s h o w ing 
l i t t l e i n t e r - s a m p l e v a r i a b i l i t y . 
The a n a l y s i s o f s o i l s was r e p o r t e d by D i c k e t a l . (5) who 
p r e p a r e d s l u r r i e s o f s o i l s by g r i n d i n g i n a M c C r o n e 
m i c r o n i s i n g m i l l u s i n g w a t e r as a d i s p e r s a n t . R e c o v e r i e s 
v e r s u s aqueous s t a n d a r d s w e r e p o o r and showed a s t r o n g 
c o r r e l a t i o n w i t h t h e sand c o n t e n t o f t h e s o i l s . Sandy s o i l s 
were shown t o be more r e s i s t a n t t o g r i n d i n g , r e s u l t i n g i n 
c o a r s e r s l u r r i e s w i t h l o w e r a n a l y t i c a l r e c o v e r i e s . They 
a t t e m p t e d t o c o r r e c t f o r t h e s e e f f e c t s by t h e use o f an 
a v e r a g e e l e m e n t a l a t o m i s a t i o n e f f i c i e n c y d e r i v e d f r o m t h e 
a n a l y s i s o f t h r e e s o i l s o f known c o m p o s i t i o n c o n t a i n i n g 32%, 
20% and 17% sand. The c o r r e c t i o n f a c t o r was b i a s e d t o w a r d s 
s o i l s w i t h i n t e r m e d i a t e sand c o n t e n t s w h i c h r e s u l t e d i n 
under c o r r e c t i o n f o r sandy s o i l s and o v e r c o r r e c t i o n f o r low 
sand s o i l s . 
The c o m b i n a t i o n o f f l o w i n j e c t i o n w i t h s l u r r y n e b u l i s a t i o n 
was r e p o r t e d by Ambrose e t a l . (6) f o r t h e a n a l y s i s o f s o i l 
CRMs. E x c e l l e n t a g r e e m e n t w i t h c e r t i f i c a t e v a l u e s was 
o b t a i n e d by t h e use o f a r e d u c e d v o l u m e s p r a y chamber, 
s l u r r i e s were p r e p a r e d by t h e use o f t h e b o t t l e and bead 
m e t h o d u s i n g aqueous s o d i u m p y r o p h o s p a t e s o l u t i o n as a 
d i s p e r s a n t ( 1 8 ) . These a u t h o r s a l s o d e m o n s t r a t e d t h e use o f 
f l o w i n j e c t i o n f o r t h e i n t r o d u c t i o n o f s l u r r i e s o f p r e -
g r o u n d i o n exchange r e s i n s as a means o f p r e - c o n c e n t r a t i o n 
f r o m s o l u t i o n . 
I o n e x c h a n g e r e s i n s l u r r i e s h a ve been i n t r o d u c e d , on a 
c o n t i n u o u s b a s i s by Watson and Moore ( 7 ) , as a means o f 
p r e - c o n c e n t r a t i n g p l a t i n u m g r o u p m e t a l s , as t h e i r c h l o r o -
complexes, f r o m s o l u t i o n . The r e s i n s had been p r e - g r o u n d 
t o p a s s a 200 mesh s i e v e ( 7 5 ^ra) , a f t e r a d s o r p t i o n o f 
a n a l y t e s f r o m s o l u t i o n o n t o t h e r e s i n s , t h e r e s i n was 
washed, d r i e d and r e d i s p e r s e d i n w a t e r . These s l u r r i e s (20% 
m/v) were n e b u l i s e d v i a a s i n g l e pass s p r a y chamber f i t t e d 
w i t h an in-house h i g h s o l i d s v-groove n e b u l i s e r i n t o a h i g h 
p o w e r A r / N j p l a s m a . C a l i b r a t i o n was o b t a i n e d u s i n g 
S t a n d a r d s l u r r i e s p r e p a r e d by a d s o r b i n g aqueous s t a n d a r d s 
o n t o t h e ion-exchange r e s i n and p r o c e e d i n g as f o r a sample. 
Good a g r e e m e n t was o b t a i n e d w i t h t h e a c c e p t e d v a l u e s f o r 
s e v e r a l o r e s f o r P t , Pd, Ru, Rh and Au w h i l s t I r was n o t 
q u a n t i f i a b l e . P r e c o n c e n t r a t i o n f a c t o r s o f up t o f i f t y were 
o b t a i n e d by t h i s method. 
The a n a l y s i s o f m e t a l l u r g i c a l p r o d u c t s was r e p o r t e d b y 
Watson ( 8 ) . S l a g s were ground w i t h l i t h i u m t e t r a b o r a t e f l u x 
c o n t a i n i n g 1 % m/m scandium o x i d e (1:4 s l a g t o f l u x ) . The 
r e s u l t a n t powder was d i s p e r s e d i n aqueous g l y c e r o l (40% v/v 
g l y c e r o l ) c o n t a i n i n g Kodak F o t o f l o w 200 ( 0 . 3 % ) . The 
i n s t r u m e n t a t i o n was e s s e n t i a l l y t h e same as i n t h e p r e v i o u s 
paper (7) and c a l i b r a t i o n was o b t a i n e d v i a s t a n d a r d s l u r r i e s 
produced f r o m in-house r e f e r e n c e m a t e r i a l s and CRMs, E i t h e r 
7-
s i n g l e m a t e r i a l s or combination o f m a t e r i a l s were used t o 
produce c a l i b r a t i o n c u r v e s . Reasonable agreement was 
o b t a i n e d w i t h a ccepted v a l u e s f o r a number o f in-house 
r e f e r e n c e m a t e r i a l s and CRMs. The use o f an i n t e r n a l 
standard l e d t o a two f o l d increase i n p r e c i s i o n . 
M e t a l l u r g i c a l products were also analysed by J o w i t t and Abel 
(9) u s i n g a h i g h power Ar/N2 plasma. S e v e r a l d i f f e r e n t 
sample i n t r o d u c t i o n systems were used. D i r e c t i n j e c t i o n 
devices based upon cross-flow and c o n c e n t r i c n e b u l i s e r s were 
r e j e c t e d on t h e b a s i s t h a t a t t h e v e r y low sample d e l i v e r y 
r a t e s (ea. 0.1 cm*^  min"^) r e q u i r e d t o pre v e n t quenching o f 
t h e plasma, n e b u l i s e r b l o c k a g e o c c u r r e d . W i t h aqueous 
s o l u t i o n s , u n s t a b l e s i g n a l s due t o excessive pump p u l s i n g 
made these devices unusable. A combination o f a Scot t - t y p e 
double-pass s p r a y chamber and c r o s s f l o w n e b u l i s e r was 
successful f o r the n e b u l i s a t i o n o f s l u r r i e s o f several oxide 
m a t e r i a l s w i t h a c c e p t a b l e medium t e r m s t a b i l i t y . 
A tomisation e f f i c i e n c i e s r e l a t i v e t o aqueous s o l u t i o n s were 
poor, w i t h a range from 2 t o 50% e f f i c i e n c y f o r f i v e oxide 
m a t e r i a l s . The a t o m i s a t i o n e f f i c i e n c i e s f o r s e v e r a l 
analytes were c o n s i s t e n t w i t h i n a sample but v a r i e d between 
samples i n d i c a t i n g a m a t r i x dependency, presumably a r i s i n g 
from v a r y i n g p a r t i c l e s i z e d i s t r i b u t i o n (PSD). The use of 
i r o n as an i n t r i n s i c i n t e r n a l standard allowed c a l i b r a t i o n 
u s i n g s t a n d a r d s l u r r i e s a l t h o u g h t h e r e was a p p r e c i a b l e 
s c a t t e r . The i r o n c o n t e n t o f t h e s e m a t e r i a l s was n o t 
consta n t (30-60% Fe203) and t h e r e f o r e r e q u i r e d a separate 
independent a n a l y s i s f o r t o t a l i r o n which o b v i o u s l y would 
r e s t r i c t t h e a p p l i c a t i o n of the method. 
The p o t e n t i a l uses o f s l u r r y n e b u l i s a t i o n ICP-AES f o r t h e 
a n a l y s i s o f rocks and c l a y m i n e r a l s was examined by H a l i c z 
and Brenner ( 1 0 ) . S l u r r i e s o f rocks and rock glasses were 
prepared by crushing t o pass a 75 m^ s i e v e , f o l l o w e d by r e -
g r i n d i n g i n a tungsten carbide m i l l . The powdered m a t e r i a l 
was d i s p e r s e d i n aqueous g l y c e r o l and aqueous scandium 
n i t r a t e was added as an i n t e r n a l standard. The m a j o r i t y of 
p a r t i c l e s were shown t o be l e s s t h a n 2 /xm b u t some l a r g e 
m a t e r i a l , up t o 10 m^ was p r e s e n t w i t h much o f t h e mass 
d i s t r i b u t i o n consequently being concentrated i n these l a r g e 
p a r t i c l e s . 
The e f f e c t o f g r i n d i n g t i m e ( i . e . p a r t i c l e s i z e ) , was 
i n v e s t i g a t e d , t h e response ( i . e . a n a l y t e s i g n a l / i n t e r n a l 
standard s i g n a l ) of the rock s l u r r i e s d i d not show a c l e a r l y 
d e f i ned p l a t e a u which suggests t h a t the s l u r r y d i d not reach 
t h e c o n d i t i o n where i t behaved as a ps e u d o - s o l u t i o n . The 
response f o r t h e m a j o r i t y o f t h e a n a l y t e s i n c r e a s e d w i t h 
increased g r i n d i n g t i m e b ut some remained c o n s t a n t . This 
was a t t r i b u t e d t o t h e presence o f two d i s c r e t e m i n e r a l 
s u i t e s , t h e p r i m a r y i g n e o u s m a t e r i a l and p r o d u c t s o f 
w e a t h e r i n g . T h i s was c o n f i r m e d when t h e g l a s s s l u r r i e s , 
made from t h e same r o c k s , d i d n o t d e m o n s t r a t e s i m i l a r 
b e h a v i o u r . L i n e a r c a l i b r a t i o n c u r v e s were p r e p a r e d by 
a s p i r a t i n g s l u r r i e s o f d i f f e r e n t rocks and glasses, although 
t h e r e was a p p r e c i a b l e s c a t t e r around t h e be s t f i t l i n e . 
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T h i s was undoubtedly due t o i n t e r - s a m p l e PSD v a r i a t i o n . 
When the same powder was used t o prepare c a l i b r a t i o n curves, 
t h e s c a t t e r was a p p r e c i a b l y reduced. This h i g h l i g h t s t h e 
problems which must be expected i f c a l i b r a t i o n i s ob t a i n e d 
versus standard s l u r r i e s . 
The a n a l y s i s of u l t r a f i n e Zr02 (d < 0.1 ^ m) was re p o r t e d by 
Huang M i n and Shen Xi-En ( 1 1 ) . The 2 r 0 2 powder was 
dis p e r s e d i n aqueous g l y c e r i n e (40% v/v, 0.5 mol dm~^ HCl) 
us i n g u l t r a - s o n i c a g i t a t i o n , sample i n t r o d u c t i o n was v i a a 
v-groove n e b u l i s e r and horn type spray chamber. C a l i b r a t i o n 
was p e r f o r m e d u s i n g s t a n d a r d s p r e p a r e d i n t h e aqueous 
g l y c e r o l d i s p e r s a n t . I t was observed t h a t r ecoveries were 
low and t h a t , although the recovery o f z i r c o n i a was constant 
(R = 8 0 % ) , t h e r e c o v e r y o f Fe and Mg, c h o s e n as 
r e p r e s e n t a t i v e a n a l y t e s v a r i e d . The r e c o v e r y f o r Fe was 
g r e a t e r than f o r Mg. The recovery o f Fe and Mg al s o v a r i e d 
w i t h the amount o f u l t r a - s o n i c a g i t a t i o n . A f t e r a n a l y s i s of 
the supernaturant l i q u i d , i t was apparent t h a t Fe and Mg but 
n o t Zr were p a r t i a l l y e x t r a c t e d i n t o s o l u t i o n . When 
c o r r e c t e d f o r t h e p a r t i a l s o l u b l i s a t i o n o f Fe and Mg, t h e 
c o n t r i b u t i o n t o the analyte s i g n a l from the s o l i d was found 
t o be co n s t a n t a t 80% o f t h e nominal c o n c e n t r a t i o n o f t h e 
anal y t e i n the s l u r r y i e . only 80% o f the s o l i d m a t e r i a l was 
r e a c h i n g t h e plasma. T h i s a l l o w e d t h e a p p l i c a t i o n o f a 
c o r r e c t i o n f a c t o r based upon the c o n c e n t r a t i o n of a n a l y t e i n 
the whole s l u r r y and i n the supernatant l i q u i d . 
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Using t h i s method, good agreement w i t h conventional analyses 
was o b t a i n e d . The l o w r e c o v e r i e s f r o m t h e d i r e c t 
n e b u l i s a t i o n o f t h e s l u r r y were p r o b a b l y due t o sample 
t r a n s p o r t l o s s e s . These may a r i s e f r o m i n a d e q u a t e 
d i s p e r s i o n o f t h e v e r y f i n e Zr02 powder which r e s u l t s i n 
l a r g e , aggregated, p a r t i c l e s . 
Z e o l i t e s were a n a l y s e d by Mackey and Murphy (12) u s i n g 
e i t h e r water or xylene as a c a r r i e r , the sample i n t r o d u c t i o n 
f o r water was based upon a cross- f l o w n e b u l i s e r , w h i l s t f o r 
xylene a h i g h - s o l i d s n e b u l i s e r was used. The s l u r r i e s were 
prepared by " f i n e l y " g r i n d i n g t h e z e o l i t e i n a mortar and 
p e s t l e p r i o r t o d i s p e r s i o n i n t h e c a r r i e r f l u i d . 
C a l i b r a t i o n was o b t a i n e d v i a a p p r o p r i a t e aqueous o r non-
aqueous s t a n d a r d s . Aluminium was used as an i n t r i n s i c 
i n t e r n a l standard which i s acceptable i n z e o l i t e chemistry, 
where t h e i n f o r m a t i o n o f i n t e r e s t i s t h e e l e m e n t a l r a t i o 
w i t h r e s p e c t t o al u m i n i u m . Good agreement w i t h v a l u e s 
d e r i v e d from a l t e r n a t i v e , accepted a n a l y t i c a l methods were 
ob t a i n e d u s i n g xylene as t h e c a r r i e r f l u i d , b ut w i t h water 
t h e r e were some d i f f e r e n c e s due t o s o l u b l i s a t i o n and 
p r e f e r e n t i a l t r a n s p o r t o f aqueous compared t o s l u r r y 
m a t e r i a l . 
A method f o r t h e a n a l y s i s o f a i r - b o r n e p a r t i c u l a t e s a f t e r 
c o l l e c t i o n on f i l t e r s was reported by Sugimae and Mizoguchi 
( 1 3 ) . The f i l t e r s were d i s s o l v e d i n x y l e n e and t h e 
p a r t i c l e s dispersed using u l t r a s o n i c a g i t a t i o n . C a l i b r a t i o n 
was performed u s i n g standard s l u r r i e s , t h e p r e p a r a t i o n o f 
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w h i c h , was d e p e n d e n t upon t h e f i l t r a t i o n t e c h n i q u e 
o r i g i n a l l y used t o c o l l e c t t h e samples o f t h e a i r - b o r n e 
p a r t i c u l a t e s . The f i r s t method o f c o l l e c t i o n , sampled 
p a r t i c l e s up t o 10 urn w h i l s t t h e second method sampled 
p a r t i c l e s up t o 100 ^m. The l a t t e r was c a l i b r a t e d u s i n g 
s l u r r i e s prepared from an "as r e c e i v e d " urban p a r t i c u l a t e 
CRM w h i l s t t h e former was c a l i b r a t e d u s i n g t h e same CRM 
w h i c h had been g r o u n d i n a m o r t a r and p e s t l e . L i n e a r 
c a l i b r a t i o n graphs were o b t a i n e d and i t was r e p o r t e d t h a t 
r e a l samples l a y upon t h e c a l i b r a t i o n graphs a l t h o u g h no 
data was presented t o support t h i s statement. 
The a n a l y s i s o f powdered c o a l s has been r e p o r t e d by Ebdon 
and Wilkinson (14, 15, 16). The method showed some promise 
b u t s u f f e r e d from poor p r e c i s i o n and accuracy which t h e 
a u t h o r s t h o u g h t might be improved by b e i n g a b l e t o g r i n d 
coals more u n i f o r m l y . 
This was l a t e r shown t o be so by Parry and Ebdon (17) when 
coal s l u r r i e s were prepared using the b o t t l e and bead method 
w i t h an aqueous a n i o n i c s u r f a c t a n t as a d i s p e r s a n t . 
Agreement w i t h c e r t i f i e d v a l u e s was e x c e l l e n t f o r c o a l 
s l u r r i e s whose PSD was < 2 m^ but poorer f o r s l u r r i e s whose 
PSD < 10 fMia (e.g. 70-90% of the c e r t i f i c a t e values) . I t was 
noted t h a t aluminium was c o n s i s t e n t l y low, compared t o t h e 
c e r t i f i c a t e v a l u e s , even where o t h e r a n a l y t e s gave 
s a t i s f a c t o r y agreement. 
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The use of s l u r r y n e b u l i s a t i o n i n i n d u c t i v e l y coupled plasma 
mass spectrometry (ICP-MS) has a l s o been demonstrated and, 
w i t h i n the l i m i t s of sample loading imposed i n general terms 
by ICP-MS, would seem t o p r e s e n t t h e same b e n e f i t s and 
possess the same problems as i n ICP-AES. The f e a s i b i l i t y of 
i n t r o d u c i n g s l u r r i e s i n ICP-MS was demonstrated by Wi l l i a m s 
e t a l . ( 18). A number of s o i l s and c a t a l y s t m a t e r i a l s were 
ground using the b o t t l e and bead method using d i l u t e aqueous 
sodium p y r o p h o s p h a t e as a d i s p e r s a n t . The PSD o f t h e 
s l u r r i e s was < 3 /im, t h e r e s u l t s o f t h e analyses g e n e r a l l y 
showed good agreement w i t h accepted v a l u e s , t h e e x c e p t i o n 
being aluminium which gave low r e c o v e r i e s . Cone blockage 
o c c u r r e d when 1% w/v s l u r r i e s were n e b u l i s e d b u t t h e 
i n t r o d u c t i o n o f 0.05% w/v s l u r r i e s was t r o u b l e f r e e . 
Powdered coals have also been analysed by ICP-MS by Ebdon e t 
a l . ( 1 9 ) , u s i n g methods o f s l u r r y p r e p a r a t i o n d e s c r i b e d 
e a r l i e r ( 1 6). The PSD of the s l u r r i e s was q u i t e coarse w i t h 
one s l u r r y having p a r t i c l e s up t o 37 /im present although t h e 
r e m a i n i n g s l u r r i e s were g e n e r a l l y < 10-13 /im. Agreement 
w i t h c e r t i f i c a t e values was considered acceptable w i t h no 
apparent d i f f e r e n c e due t o the v a r y i n g PSD o f the s l u r r i e s . 
The authors suggested t h a t t h e range o f PSD, determined by 
l a s e r d i f f r a c t i o n techniques, r e f l e c t e d t h e s i z e o f loose 
aggregates, composed o f s m a l l e r p a r t i c l e s , i e . incomplete 
d i s p e r s i o n o f t h e s o l i d , w h i c h m i g h t be a l l e v i a t e d by 
i n c r e a s i n g t h e c o n c e n t r a t i o n o f t h e d i s p e r s a n t . 
Contamination from the Zr02 beads was determined by shaking 
beads w i t h d i s p e r s a n t o n l y and was judged t o be n e g l i g i b l e 
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w i t h the exception of Zr, Hf, A l . 
The a n a l y s i s o f r a r e e a r t h elements (REE) i n g e o l o g i c a l 
m a t e r i a l s was r e p o r t e d by J a r v i s ( 2 0 ) . S l u r r i e s were 
p r e p a r e d u s i n g t h e b o t t l e and bead method u s i n g d i l u t e 
aqueous sodium p y r o p h o s p a t e as a d i s p e r s a n t . R e s u l t s 
g e n e r a l l y a g r e e d w i t h c e r t i f i c a t e v a l u e s , b u t were 
c o n s i d e r e d b e t t e r f o r t h e l i g h t e r REE t h a n f o r t h e heavy 
REE, which gave h i g h r e c o v e r i e s compared t o c e r t i f i c a t e 
v a l u e s . T h i s was a t t r i b u t e d t o c o n t a m i n a t i o n o f t h e 
s l u r r i e s by the Zr02 beads which were shown t o be r i c h i n 
t h e heavy REE compared t o t h e l i g h t e r REE by t h e use o f 
l a s e r a b l a t i o n ICP-MS. Examination o f a blank prepared i n 
th e same manner as Ebdon e t a l . (19) showed no e l e v a t e d 
l e v e l s o f REE which could account f o r h i g h r e c o v e r i e s o f the 
heavy REE. 
1.1.3 FUNDAMENTAL STUDIES IN SLURRY NEBULISATION INDUCTIVELY 
COUPLED PLASMA SPECTROMETRY 
An understanding o f t h e fundamental processes which a f f e c t 
t h e p e r f o r m a n c e o f s l u r r y n e b u l i s a t i o n ICP-AES/MS i s 
e s s e n t i a l i f the technique i s t o reach m a t u r i t y . 
I n t h e p r e v i o u s s e c t i o n ( 1 . 1 . 2 ) , d e a l i n g w i t h t h e 
a p p l i c a t i o n s of s l u r r y n e b u l i s a t i o n ICP-AES/MS, a r e c u r r e n t 
theme was t h e poor a n a l y t i c a l r e c o v e r i e s v e rsus aqueous 
s y s t e m s . T h i s i s a f u n c t i o n o f t h e p a r t i c l e s i z e 
d i s t r i b u t i o n (PSD) o f the s l u r r y , i e . coarse s l u r r i e s do not 
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t r a n s p o r t and/or a t o m i s e as e f f i c i e n t l y as an aqueous 
s o l u t i o n . I n these cases, t h e use o f d i r e c t c a l i b r a t i o n 
w i t h simple aqueous or non-aqueous s o l u t i o n s i s not p o s s i b l e 
and t h e r e f o r e e m p i r i c a l c o r r e c t i o n f a c t o r s o r s t a n d a r d 
s l u r r i e s are used t o c a l i b r a t e the system. This approach i s 
t h e s i t u a t i o n which e x i s t s i n c o n v e n t i o n a l d i r e c t s o l i d s 
sampling where the accurate a n a l y s i s of a wide assortment of 
m a t e r i a l s r e q u i r e s an e q u a l l y broad s e l e c t i o n o f c l o s e l y 
m a t r i x matched s o l i d samples. 
The f u n d a m e n t a l s t u d i e s a r e t h e r e f o r e d i r e c t e d t o w a r d s 
u n d e r s t a n d i n g t h e p r o c e s s e s w h i c h g i v e r i s e t o p o o r 
a n a l y t i c a l r e c o v e r i e s versus aqueous systems. 
The d e t e r m i n a t i o n o f s u l p h u r i n c o a l s was examined by 
McCurdy and Fry (21) using some of the same p r i n c i p l e s which 
were a p p l i e d i n t h e e a r l i e r work by Fry's group on s l u r r y 
n e b u l i s a t i o n d i r e c t c u r r e n t p l a s m a - a t o m i c e m i s s i o n 
s p e c t r o m e t r y ( 2 2 - 2 4 ) . T h e i r t r e a t m e n t o f c o m p a r a t i v e 
s l u r r y / a e r o s o l p a r t i c l e t r a n s p o r t , assumed t h a t t h e aerosol 
p a r t i c l e s i z e d i s t r i b u t i o n i s i n d i c a t i v e o f the aerodynamic 
p r o p e r t i e s o f t h e spray c h a m b e r / i n j e c t o r assembly, i . e . i t 
represents the " f l i g h t envelope" f o r p a r t i c l e s o f d i f f e r i n g 
masses ( s i z e s ) . The assumption t h e r e f o r e , i s t h a t f o r a 
s l u r r y t o be t r a n s p o r t e d as e f f i c i e n t l y as an aqueous 
s o l u t i o n , i t s PSD must l i e w i t h i n t h e PSD o f t h e a e r o s o l 
e x i t i n g the i n j e c t o r . 
Using t h i s approach, f o r a horn t y p e spray chamber w i t h 
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i m p a c t i o n bead ( u n m o d i f i e d ) and w i t h o u t i m p a c t i o n bead 
( m o d i f i e d ) , f o r a s l u r r y w i t h a PSD o f d^Q = 6.9 tim, d^Q = 
15.8 and a t two d i f f e r e n t i n j e c t o r gas flows f i . e . normal 
= 0.9 dm^ min"^, low = 0.4 dm^ min"^), t h e authors estimated 
t h e f o l l o w i n g t r a n s p o r t a b l e f r a c t i o n o f t h e s l u r r y w i t h t h e 
co r r e s p o n d i n g r e c o v e r y versus c e r t i f i c a t e v a l u e s (Table 
1.1). 
TABLE 1.1: AERODYMAMICALLY TRANSPORTABLE SLURRY MASS 
FRACTION 
SPRAY CHAMBER FLOW % TRANSPORT % RECOVERY 
Modified Normal 94 65 
Unmodified Normal 89 59 
Modified Low 100 100 
The a u t h o r s a t t r i b u t e d t h e low r e c o v e r y , compared t o t h e 
assumed t r a n s p o r t e f f i c i e n c y a t nor m a l f l o w r a t e s , t o 
i n c o m p l e t e a t o m i s a t i o n o f t h e s l u r r y p a r t i c l e s i n t h e 
plasma, w h i l s t a t low f l o w r a t e s , increased residence time 
w i t h i n t h e plasma a l l o w e d complete de c o m p o s i t i o n o f t h e 
s l u r r y p a r t i c l e . 
There are two major c r i t i c i s m s , f i r s t l y and most i m p o r t a n t l y 
i s the a p p l i c a b i l i t y o f the model f o r p a r t i c l e t r a n s p o r t t o 
a heterogeneous m a t e r i a l such as c o a l . The aerodynamic 
f l i g h t envelope i s generated assuming a homogeneous system 
and a l l o w s t h e t r a n s p o r t a b l e f r a c t i o n o f a s l u r r y t o be 
-16-
e s t i m a t e d and n o r m a l i s e d a g a i n s t an aqueous system. I n 
heterogeneous m a t e r i a l s , a n a l y t e s may be c o n c e n t r a t e d i n 
phases w i t h PSD and d e n s i t i e s v e r y d i f f e r e n t t o t h o s e 
assumed from t h e b u l k s l u r r y and t h e r e f o r e t r a n s p o r t a b l e 
f r a c t i o n s cannot be estimated f o r these s p e c i f i c a n a l y t e s . 
The second problem concerns t h e use o f v e r y low i n j e c t o r 
f l o w s t o i n c r e a s e p a r t i c l e r e s i d e n c e t i m e s w i t h i n t h e 
plasma. As these authors r e p o r t e d , t h e c a r r i e r gas does not 
c o m p l e t e l y p e n e t r a t e t h e plasma, t h u s a l l o w i n g a f l o w o f 
m a t e r i a l around the o u t e r s u r f a c e . Under these c o n d i t i o n s 
t h e source may become o p t i c a l l y t h i c k w i t h subsequent l o s s 
o f l i n e a r dynamic range due t o t h e g e n e r a t i o n o f a n a l y t e 
species i n the r e l a t i v e l y cool boundary l a y e r s . 
The t r a n s p o r t e f f i c i e n c i e s o f i r o n p a r t i c l e s b r o a d l y 
c l a s s i f i e d by c e n t r i f u g a t i o n and s e d i m e n t a t i o n , was 
r e p o r t e d by Saba e t a l . (25) f o r a number o f spray chambers 
commonly used f o r e i t h e r DCP or ICP spectrometry. The i r o n 
p a r t i c l e s were suspended i n an e s t e r base o i l . I t must be 
emphasised t h a t t h e t r a n s p o r t e f f i c i e n c y o f t h e s p r a y 
chambers w i t h o u t i n j e c t o r s were determined which l i m i t s the 
usefulness of these experimental measurements. 
The maximum s i z e o f an i r o n p a r t i c l e w h i c h c o u l d pass 
t h r o u g h a s t a n d a r d DCP spray chamber was 17 /im w h i l s t a 
s i n g l e pass, c y l i n d r i c a l spray chamber w i t h b a f f l e , used i n 
c o n j u n c t i o n w i t h ICP, allowed a 14 p a r t i c l e t o pass. As 
expected, t r a n s p o r t e f f i c i e n c y decreased as p a r t i c l e s i z e 
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increased, f o r t h e l a t t e r spray chamber a < 10 f r a c t i o n 
was t r a n s p o r t e d only 59% as e f f i c i e n t l y as < 1 f r a c t i o n . 
The most e f f i c i e n t spray chamber was found t o be t h e horn-
t y p e s p r a y chamber, based upon t h e measurement o f t h e 
t r a n s p o r t e f f i c i e n c y of the spray cham4)er only, a t o m i s a t i o n 
e f f i c i e n c y (% A) and recoveries versus simple s o l u t i o n (% R) 
were determined by DCP and ICP spectrometry f o r a number of 
i r o n suspensions (Table 1.2). C a l i b r a t i o n was accomplished 
u s i n g an o r g a n o m e t a l l i c i r o n compound d i s s o l v e d i n a base 
o i l . 
TABLE 1.2: ANALYTICAL RECOVERIES AND ATOMISATION 























+ A n a l y t i c a l recovery versus s o l u t i o n 
++ Atomisation e f f i c i e n c y 
These r e s u l t s are s u r p r i s i n g since the c o o l e r DCP appears t o 
be a b e t t e r a t o m i s e r t h a n t h e ICP. What t h e s e r e s u l t s 
r e a l l y r e f l e c t i s the i n f l u e n c e o f t h e i n j e c t o r upon t h e 
spray chamber. The DCP w i t h t h e wide i n j e c t o r (12 mm) has 
minimal e f f e c t s upon t h e t r a n s p o r t e f f i c i e n c y of t h e spray 
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chamber w h i l s t t h e narrow bore o f t h e i n j e c t o r (ca. 2 mm) 
used f o r ICP spectrometry has a c o n s i d e r a b l e e f f e c t . T h is 
paper i s i m p o r t a n t i n t h a t i t d i s t i n g u i s h e s between t h e 
a b i l i t y o f a sample i n t r o d u c t i o n system t o a l l o w a l a r g e 
p a r t i c l e t h r o u g h and t h e a b i l i t y t o t r a n s p o r t a p a r t i c l e 
such t h a t t h e a n a l y t e t r a n s p o r t e f f i c i e n c y i s t h e same as 
f o r a simple s o l u t i o n . 
The p a r t i c l e t r a n s p o r t p r o p e r t i e s of v a r i o u s spray chambers 
were a l s o i n v e s t i g a t e d by Ebdon and C o l l i e r (26) w i t h 
p a r t i c u l a r reference t o k a o l i n a n a l y s i s . Clay f r a c t i o n s o f 
known p a r t i c l e s i z e d i s t r i b u t i o n were n e b u l i s e d t h r o u g h 
v a r i o u s sample i n t r o d u c t i o n systems. The p a r t i c l e s e x i t i n g 
t hese systems were c o l l e c t e d by f i l t r a t i o n and t h e i r PSD 
determined. 
I n i t i a l l y , t h r e e d i f f e r e n t spray chambers were examined and 
the horn t y p e s i n g l e pass spray chamber was found t o a l l o w 
the passage o f l a r g e r p a r t i c l e s when compared t o e i t h e r a 
double pass or cyclone type spray chamber. The PSD o f t h e 
c l a y s passed through t h e l a t t e r spray chambers had l i t t l e 
resemblance t o t h e o r i g i n a l s l u r r y , being broad, c o n s t a n t , 
f l a t d i s t r i b u t i o n s . W h i l s t t h e PSD o f t h e s l u r r y , passed 
through the horn type spray chambers, were obviously r e l a t e d 
t o t h e o r i g i n a l s l u r r y , r e j e c t i o n o f l a r g e r p a r t i c l e s had 
s h i f t e d the mode from 8 /im down t o 6 ^m and introduced bias 
towards smaller p a r t i c l e s i z e s . The s t r a i g h t through horn-
t y p e spray chamber was used i n c o n j u n c t i o n w i t h 2, 3, 4 mm 
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i . d . i n j e c t o r t u b i n g . The PSD o f t h e c o l l e c t e d m a t e r i a l s 
were very d i f f e r e n t t o e i t h e r the o r i g i n a l s l u r r y or s l u r r y 
c o l l e c t e d from t h e spray chamber e x i t . The authors c l a i m 
t h a t t h e 4mm i . d . i n j e c t o r tube i s s u p e r i o r t o t h e 3 mm 
i . d . t u b e however t h e l a t t e r a p p a r e n t l y a l l o w s t h r o u g h 
p a r t i c l e s up t o 51 /im w h i l s t t h e f o r m e r o n l y a l l o w s 
p a r t i c l e s up t o 16 m^ t h r o u g h . The 2 mm i . d . i n j e c t o r 
reduces t h e PSD o f t h e s l u r r y y i e l d i n g a mode o f 1.56 /im, 
alth o u g h t h e r e was s i g n i f i c a n t t a i l i n g o f t h e d i s t r i b u t i o n 
up t o 16 /im. 
These experiments are d i f f i c u l t t o assess as there e x i s t s a t 
l e a s t a doubt t h a t t h e c o l l e c t e d * c l a y s have been d i s p e r s e d 
e f f e c t i v e l y p r i o r t o p a r t i c l e s i z e a n a l y s i s due t o t h e 
n a t u r e o f t h e PSD. Alt h o u g h e x p e r i m e n t a l i n j e c t o r f l o w s 
were not s t a t e d , they were presumably t h e same as used i n 
t h e c o m p l e t e s l u r r y n e b u l i s a t i o n ICP-AES e x p e r i m e n t s . 
T hese, i n common, w i t h t h e p r e v i o u s w o r k ( 4 ) were 
complicated by t h e use o f very h i g h f l o w (eg. 2.6-2.8 dm*^  
min"^). 
U n l i k e the previous paper by Saba e t a l . (26), t h e r e was no 
d i s t i n c t i o n between the a b i l i t y t o t r a n s f e r l a r g e p a r t i c l e s 
and t h e a b i l i t y t o t r a n s f e r as e f f i c i e n t l y as a c a l i b r a t i o n 
s o l u t i o n . 
The r e s u l t s o f t h e s l u r r y n e b u l i s a t i o n ICP-AES a n a l y s i s o f 
the c l a y f r a c t i o n s does show a c l e a r t r e n d w i t h smaller PSD 
g i v i n g s u p e r i o r r e c o v e r i e s . 
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S l u r r y t r a n s p o r t a t i o n and a t o m i s a t i o n were f u r t h e r s t u d i e d 
by Ebdon e t a l . ( 2 7 ) . They re p o r t e d t h e a n a l y s i s o f sulphide 
o r e s by s l u r r y n e b u l i s a t i o n ICP-AES, t h e s l u r r i e s were 
ground such t h a t 90% by volume were s m a l l e r t h a n 10 ^m, 
rec o v e r i e s i n the range 13-100% were obtained. These values 
when p l o t t e d a g a i n s t heat o f a t o m i s a t i o n gave an apparent 
c o r r e l a t i o n , t h e a u t h o r s r i g h t l y comment t h a t t h i s 
c o r r e l a t i o n was h e a v i l y dependent upon one r e s u l t . They 
suggest an a l t e r n a t i v e mechanism based upon p r e f e r e n t i a l 
r e j e c t i o n o f m i n e r a l s w h i c h have h i g h d e n s i t y o r PSD 
d i f f e r e n t t o t h e b u l k m a t e r i a l . T h is was demonstrated f o r 
another s u l p h i d e ore which showed low r e c o v e r i e s f o r i r o n . 
The use of a cascade impactor, t o q u a n t i t a t i v e l y sample the 
a e r o s o l as i t l e f t t h e i n j e c t o r , showed t h a t t h e i r o n 
c o n t a i n i n g minerals were being p r e f e r e n t i a l l y r e j e c t e d , the 
most l i k e l y candidate being p y r i t e which i s a r e l a t i v e l y 
hard, dense m a t e r i a l . 
Alumina s l u r r i e s were a l s o s t u d i e d and i n a double pass 
spray chamber f i t t e d w i t h a 3 mm i . d . i n j e c t o r , t h e sample 
i n t r o d u c t i o n s y s t e m r e j e c t e d a l l p a r t i c l e s > 5 ^m. 
R e c o v e r i e s v e r s u s aqueous c a l i b r a t i o n f o r t h e a l u m i n a 
s l u r r i e s showed a c l e a r p a r t i c l e s i z e dependency and when 
combined w i t h t h e t r a n s p o r t d a t a suggest t h a t a c c u r a t e 
d e t e r m i n a t i o n by s l u r r y n e b u l i s a t i o n ICP-AES, using a Sc o t t 
type double pass spray chamber, r e q u i r e s a s l u r r y whose PSD 
i s 100% ( b y v o l u m e ) < 5 /xm and p r o b a b l y < 3 ^m. 
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A t o m i s a t i o n and t r a n s p o r t a t i o n e f f e c t s were f u r t h e r 
i n v e s t i g a t e d by t h e use o f s l u r r i e s o f s i l i c a - based SCX 
i o n exchange m a t e r i a l o f known p a r t i c l e s i z e s (10 ^ ra and 5 
Mm). A f t e r exchange w i t h magnesium, t h e i o n exchange 
m a t e r i a l s were d i s p e r s e d . The assumption was t h a t t h e 
recovery o f s i l i c a would be i n d i c a t i v e of at o m i s a t i o n w h i l s t 
magnesium recovery, as i t was bound t o the surfaces, would 
be mainly dependent upon t r a n s p o r t . Therefore a t o m i s a t i o n 
e f f e c t s c o u l d be d i s t i n g u i s h e d f r o m t r a n s p o r t . The 
f o l l o w i n g r e s u l t s were obtained r e l a t i v e t o aqueous s o l u t i o n 
(Table 1.3). 
TABLE 1.3: TRANSPORT AND ATOMISATION EFFICIENCIES OF A 
SILICA PARTICLE 
Dia//im Transport E f f i c i e n c y / % Atomisation E f f i c i e n c y / % 
10 3-4 20-25 
5 14-15 60-70 
The use o f n i t r o g e n and o x y g e n c o o l e d p l a s m a s was 
i n v e s t i g a t e d by Verbeek and Brenner (28) as p o s s i b l e aids i n 
s l u r r y n e b u l i s a t i o n . S l u r r i e s were prepared by d i s p e r s i n g 
reference glasses i n aqueous g l y c e r o l as a di s p e r s a n t . The 
PSD o f t h e s l u r r i e s were r e l a t i v e l y c o a r s e w i t h a 
s u b s t a n t i v e m a j o r i t y o f p a r t i c l e s l a r g e r than 10 /im. The 
graphs o f SBR versus observation h e i g h t o f s l u r r i e s were not 
the smooth curves which one no r m a l l y observes w i t h aqueous 
s o l u t i o n s . The i r r e g u l a r p r o f i l e s were a t t r i b u t e d t o zonal 
decomposition of r e f r a c t o r y p a r t i c l e s i n t h e plasma. 
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The experimental p r o t o c o l was not s u f f i c i e n t l y r i g o r o u s so 
as t o be able t o draw any r e l i a b l e conclusions. The SBRs of 
the s l u r r i e s were g e n e r a l l y small (ca. 1 ) . The authors quote 
a r e p r o d u c i b i l i t y o f emission i n t e n s i t y o f 1-5%, f o r s m a l l 
SBR, t h i s l e v e l o f u n c e r t a i n t y i n the raw data leads t o very 
l a r g e u n c e r t a i n t i e s i n SBR. The comparison o f SBR p r o f i l e s 
o f s l u r r i e s w i t h those o f aqueous standards, was t h e r e f o r e 
s u b j e c t t o c o n s i d e r a b l e u n c e r t a i n t y . S u f f i c i e n t l y 
c o n c e n t r a t e d aqueous s t a n d a r d s were used so as t o g i v e 
l a r g e , r e l i a b l e , SBR. A more r i g o r o u s t e s t , w i t h t h e 
c o n c e n t r a t i o n o f t h e aqueous s t a n d a r d matched t o t h e 
apparent c o n c e n t r a t i o n o f t h e a n a l y t e s i n t h e s l u r r y i s 
necessary t o be able t o s t a t e t h a t t h e i r r e g u l a r p r o f i l e s 
are due t o p a r t i c l e decomposition e f f e c t s . 
Titanium oxide suspensions were examined by Broekaert e t a l . 
(29). The suspensions had an average p a r t i c l e s i z e of 5 m^ 
(based on a frequency d i s t r i b u t i o n ) . Reasonably l i n e a r 
c a l i b r a t i o n was o b t a i n e d u s i n g T i as an i n t r i n s i c i n t e r n a l 
standard. 
F u r t h e r s t u d i e s on a l u m i n i u m s l u r r i e s , w i t h an average 
p a r t i c l e s i z e o f 0.6 m^, showed t h a t low n e b u l i s a t i o n gas 
pressures ( i e . low flows) and a spray chamber w i t h o u t impact 
bead were b e n e f i c i a l . The exhaust o f th e ICP was sampled 
and a t h i g h n e b u l i s e r pressures (> 2.5 b a r ) , l a r g e s p h e r i c a l 
p a r t i c l e s were o b s e r v e d amongst t h e i r r e g u l a r , f i n e 
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condensate m a t e r i a l . The former was o b v i o u s l y o r i g i n a l 
m a t e r i a l which had passed through the plasma. 
P a r t i c l e d e c o m p o s i t i o n i n t h e TCP was m o d e l l e d by 
R a e y m a e k e r s e t a l . . (30) and compared t o e x p e r i m e n t a l 
o b s e r v a t i o n s . The model c a l c u l a t e d i t e r a t i v e l y evaporation 
e f f i c i e n c i e s f o r s l u r r i e s w ith a p a r t i c l e s i z e d i s t r i b u t i o n 
0-50 ;im with a mode of 15 ^m, based upon an e m p i r i c a l model 
of ICP temperature (31) and a heat balance f o r the p a r t i c l e . 
T h i s model was used t o c a l c u l a t e an e v a p o r a t i o n e f f i c i e n c y 
f o r a l u m i n a ( 5 1 % ) , s i l i c a ( 8 7 % ) and z i r c o n i a ( 1 2 % ) , a 
p a r t i c l e s i z e c orresponding t o a 50% e v a p o r a t i o n was a l s o 
c a l c u l a t e d (AI2O3 = 18 m^, S i O j = 29 n, Zr02 = 7 urn). There 
ar e s e v e r a l p o t e n t i a l f l a w s i n the model. The f i r s t i s t h a t 
the c a l c u l a t e d atomisation e f f i c i e n c i e s depend only upon the 
temperature of the p a r t i c l e . The t h e o r e t i c a l behaviour of 
evaporating p a r t i c l e s has been r e c e n t l y reviewed by H i e f t j e 
e t a l . . ( 3 2 ) . They i d e n t i f y two mechanisms, t h e h e a t 
t r a n s f e r regime where t h e e v a p o r a t i o n depends upon t h e 
amount of h e a t t r a n s f e r r e d t o t h e p a r t i c l e and t h e mass 
t r a n s f e r regime where p a r t i c l e evaporation i s determined by 
the r a t e of d i f f u s i o n . 
U n f o r t u n a t e l y , Raeymaeker e t a l . . (31) do not t a k e i n t o 
account t h i s admittedly complex behaviour, nor j u s t i f y t h e i r 
assumption t h a t the dominant mechanism i s the heat t r a n s f e r 
l i m i t e d c a s e . I n f a c t , h i g h l y i n - v o l a t i l e m a t e r i a l s eg. 
Zr02 may e v a p o r a t e a c c o r d i n g t o t h e mass c o n t r o l regime 
almost e x c l u s i v e l y , w h i l s t more v o l a t i l e m a t e r i a l have the 
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p o t e n t i a l to demonstrate heat t r a n s f e r c o n t r o l l e d k i n e t i c s . 
The model a l s o assumes t h e complete t r a n s f e r o f a s l u r r y 
w i t h a l a r g e p a r t i c l e s i z e f o r t h e c a l c u l a t i o n o f 
e v a p o r a t i o n e f f i c i e n c i e s and c o m p a r e s t h e s e w i t h 
e x p e r i m e n t a l r e s u l t s . T h e r e i s ample e v i d e n c e t h a t 
s l u r r i e s as coarse as used f o r the experimental measurements 
do not q u a n t i t a t i v e l y t r a n s f e r t o t h e plasma, t h e l a r g e r 
f r a c t i o n s being r e j e c t e d i n the sample i n t r o d u c t i o n system. 
As p a r t i c l e s i z e i s an important f a c t o r i n the mechanism of 
ev a p o r a t i o n ( i e . s m a l l p a r t i c l e s a r e more l i k e l y t o be i n 
the mass c o n t r o l regime), the experimental system may have a 
s i g n i f i c a n t c o n t r i b u t i o n from a p r o c e s s w h i c h i s n o t 
i n c l u d e d i n the model. I t i s perhaps not e n t i r e l y f a i r t o 
s p e c u l a t e upon the r a t h e r complex thermodynamic behaviour of 
the plasma and whether t h i s may c o n t r i b u t e to the d i s p a r i t y 
between t h e s e c a l c u l a t e d a t o m i s a t i o n e f f i c i e n c i e s and the 
e x p e r i m e n t a l o b s e r v a t i o n of Ebdon and F o u l k e s (27) which 
showed t h a t a 10 m^ s i l i c a p a r t i c l e was o n l y 20-25% 
decomposed. 
1.2 MOLECULAR GAS INDUCTIVELY COUPLED PLASMA FOR ATOMIC 
EMISSION SPECTROMETRY 
I n s l u r r y n e b u l i s a t i o n i n d u c t i v e l y c o u p l e d plasma atomic 
e m i s s i o n s p e c t r o m e t r y , a p a r t i c u l a r p r o b l e m o f p o o r 
a n a l y t i c a l a c c u r a c y e x i s t s . T h i s i s e s p e c i a l l y t r u e f o r 
r e f r a c t o r y m a t e r i a l s and a n a l y t e s . T h i s may be due t o 
incomplete v o l a t i l i s a t i o n of t h e s e r e f r a c t o r y m a t e r i a l s i n 
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the plasma when compared to the aqueous s o l u t i o n used f o r 
c a l i b r a t i o n . 
The i n t r o d u c t i o n o f m o l e c u l a r g a s e s t o t h e i n d u c t i v e l y 
coupled plasma has the p o t e n t i a l t o modify the thermodynamic 
and chemical p r o p e r t i e s of the plasma t h e r e f o r e reducing or 
e l i m i n a t i n g v o l a t i l i s a t i o n i n t e r f e r e n c e s . T h i s c o u l d l e a d 
t o improved a c c u r a c y and p r e c i s i o n , w i t h an e v e n t u a l wider 
acceptance of s l u r r y n e b u l i s a t i o n as a v i a b l e a l t e r n a t i v e to 
d i s s o l u t i o n of s o l i d samples p a r t i c u l a r l y f o r d i f f i c u l t 
g e o l o g i c a l / m i n e r a l o g i c a l type m a t e r i a l s . 
M o l e c u l a r g a s p l a s m a s , where t h e Ar g a s i s w h o l l y , o r 
p a r t i a l l y r e p l a c e d , have been reviewed i n d e t a i l by Montaser 
and Van Houen ( 3 3 ) . They reached the f o l l o w i n g c o n c l u s i o n s . 
1. Compared to an a l l Ar TCP, mixed gas ( i e . Ar p a r t i a l l y 
r e p l a c e d ) o r m o l e c u l a r gas ( i e . Ar w h o l l y r e p l a c e d ) 
p l a s m a s r e q u i r e h i g h e r f o r w a r d powers f o r s t a b l e 
o peration. 
2. Optimum v i e w i n g h e i g h t s a r e g e n e r a l l y l o w e r i n 
mixed/molecular gas I C P " s than i n t h e e q u i v a l e n t Ar 
system. 
3. M i x e d / m o l e c u l a r g a s s y s t e m s h a v e more c o m p l e x 
background s p e c t r a below 350 nm but s i m p l e r s p e c t r a 
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above 350 nm when compared to an a l l argon ICP. 
4- The a n a l y t i c a l p r o p e r t i e s (SBR, SNR, d e t e c t i o n l i m i t ) 
of m o l e c u l a r gas plasmas, g e n e r a t e d i n a h i g h power 
(4,7 kW) G r e e n f i e l d t o r c h , a r e comparable to a standard 
1 kW Ar ICP generated i n a F a s s e l t o r c h . 
5. The a n a l y t i c a l p r o p e r t i e s o f m i x e d g a s p l a s m a s 
generated i n a F a s s e l t o r c h , a t 2 kW forward power, a r e 
g e n e r a l l y poorer f o r hard l i n e s , w h i l s t s o f t l i n e s a r e 
g e n e r a l l y e q u i v a l e n t or s u p e r i o r when compared t o a 
standard 1 kW Ar ICP generated i n the F a s s e l t o r c h . 
6. Under i d e n t i c a l o p e r a t i n g c o n d i t i o n s , n i t r o g e n c o o l e d 
p l a s m a s e x h i b i t l o w e r e l e c t r o n d e n s i t i e s and 
temperatures than the Ar ICP. However, when operated 
i n the normal regime f o r molecular gas plasma, of high 
forward powers, temperatures a r e s i g n i f i c a n t l y h i g h e r 
than the standard 1 kW F a s s e l system. 
7- The m a j o r f e a t u r e o f m o l e c u l a r and mixed g a s I C P 
d i s c h a r g e s i s t h e i r s u p e r i o t a b i l i t y t o decompose 
r e f r a c t o r y p a r t i c l e s and operate w i t h high s o l v e n t and 
a n a l y t e loading compared to a conventio n a l Ar ICP. 
The l a s t p o i n t i s o b v i o u s l y of prime importance i n s l u r r y 
n e b u l i s a t i o n but the use of molecular/mixed gas plasma has 
g e n e r a l l y been a s s o c i a t e d with high power systems which a r e 
not u s u a l l y a v a i l a b l e i n commercial i n s t r u m e n t a t i o n . 
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An a l t e r n a t i v e approach might be to supplement the i n j e c t o r 
gas flow with a molecular gas. There has been some i n t e r e s t 
i n t h e a d d i t i o n of m o l e c u l a r g a s e s t o t h e i n j e c t o r gas, 
p a r t i c u l a r l y a s a means of understanding t he r o l e of water 
and energy t r a n s f e r i n the ICP. The p r e s e n c e of water i n 
the ICP appears i n most c a s e s to i n c r e a s e e l e c t r o n d e n s i t y , 
e x c i t a t i o n and i o n i s a t i o n temperatures (34-40). The r o l e 
of water has been assigned by Walters and Barnardt (36) and 
Tang and T r a s s y (37) as a source of hydrogen which improves 
the c o u p l i n g between the plasma t o r u s and c e n t r a l c h a n n e l . 
The study by Nowak (39) observed l o c a l i n c r e a s e s i n e l e c t r o n 
d e n s i t y w h i l s t t h e l a t e r a l a v erage d e c r e a s e d . Long and 
Browner (40) observed i n c r e a s e d e l e c t r o n d e n s i t y when water 
vapour was introduced but a decrease when a e r o s o l was added, 
the e l e c t r o n d e n s i t y measurements were not r a d i a l l y r e s o l v e d 
and t h e r e f o r e c o n s i d e r a b l e u n c e r t a i n t i e s e x i s t on t h e 
environment of the a n a l y t i c a l l y important region. 
Water i n t h e ICP, may p l a y a major r o l e i n t h e e x t e n t of 
t h e r m a l e q u i l i b r i u m , p a r t i c u l a r l y w i t h r e s p e c t t o t h e 
a p p a r e n t dependency of t h e e x c i t a t i o n t e m p e r a t u r e upon 
e x c i t a t i o n p o t e n t i a l (34, 41, 42) i . e . c u r v a t u r e i n t h e 
Boltzmann p l o t s . There seems t o be a p o s s i b i l i t y t h a t t h i s 
behaviour i s a s s o c i a t e d with the presence of aqueous a e r o s o l 
a s l i n e a r Boltzmann p l o t s were o b t a i n e d by M u r i l l o and 
Mermet ( 4 2 ) w i t h low i n j e c t o r g a s f l o w r a t e s w h e r e 
presumably, t he i n c r e a s e d a e r o s o l r e s i d e n c e time and lower 
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absolute t r a n s p o r t e f f i c i e n c y l e a d t o fewer a e r o s o l d r o p l e t s 
i n t h e I C P . L i n e a r Boltzmann p l o t s f o r Mo(I) were a l s o 
obtained when the thermometric s p e c i e s was introduced i n t o a 
"dry" plasma as the v o l a t i l e Mo(CO)g. 
Molec u l a r gases which have been added d e l i b e r a t e l y t o the 
i n j e c t o r gas to modify or i n v e s t i g a t e the p r o p e r t i e s of the 
I C P i n c l u d e (36, 37, 46-50) ( 5 9 - 6 0 ) , N2 ( 5 1 - 5 8 ) , 
F r e o n s / h a l o c a r b o n s (61-64) and h y d r o c a r b o n s (66) w h i l s t 
other gases have been added to i n v e s t i g a t e the p o t e n t i a l f o r 
q u a l i t a t i v e a n a l y s i s of v o l a t i l e s p e c i e s (55, 67-69). 
Hydrogen a d d i t i o n to the i n j e c t o r gas, a c t s t o i n c r e a s e the 
energy coupling between the t o r u s and annular region of the 
p l a s m a . T h i s h a s been shown t o be a most s i g n i f i c a n t 
mechanism i n the ICP (42-45). The consequences of t h i s a r e , 
improved d e t e c t i o n l i m i t s , i n c r e a s e d e l e c t r o n d e n s i t i e s , 
i o n i s a t i o n and e x c i t a t i o n t e m p e r a t u r e s (46-50, 36, 3 7 ) . 
These phenomena have been a t t r i b u t e d t o t h e h i g h t h e r m a l 
c o n d u c t i v i t y of hydrogen when compared t o argon i n t h e 
temperature range 3000-7000 K ( 3 7 ) . 
I n c o n t r a s t , n i t r o g e n a d d i t i o n t o t h e c a r r i e r gas o f f e r s 
v e r y l i t t l e i n terms of plasma p r o p e r t i e s and performance 
w i t h the e x c e p t i o n of a p o t e n t i a l t o reduce v o l a t i l i s a t i o n 
e f f e c t s ( 5 1 - 5 8 ) . E m i s s i o n s e n s i t i v i t i e s and d e t e c t i o n 
l i m i t s are poorer than i n conventional Ar systems. T h i s has 
been a t t r i b u t e d to the energy requirements f o r d i s s o c i a t i o n 
of t h e d i a t o m i c i n j e c t o r gas which r e d u c e s the plasma -
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sample i n t e r a c t i o n . 
Oxygen a d d i t i o n ( 5 9 - 60) h a s been shown t o be o f g r e a t 
b e n e f i t i n r e d u c i n g b a c k g r o u n d e m i s s i o n ( c o n t i n u o u s , 
m o l e c u l a r and l i n e ) from c a r b o n s p e c i e s g e n e r a t e d when 
o r g a n i c m a t e r i a l s or s o l v e n t s a r e i n t r o d u c e d i n t o t h e ICP. 
Many c o m m e r c i a l i n s t r u m e n t s have an oxygen b l e e d a s an 
" o p t i o n a l e x t r a " . Oxygen a d d i t i o n i n aqueous s y s t e m s 
g e n e r a l l y d e g r a d e s t h e e m i s s i o n s e n s i t i v i t y ( 5 3 ) when 
compared to a l l argon ICP. 
The u s e o f F r e o n s / h a l o c a r b o n s a s v o l a t i l i s a t i o n a i d s 
i n s o l i d sampling techniques and e l e c t r o t h e r m a l v a p o r i s e r s 
f o r ICP-AES has been r e p o r t e d by s e v e r a l a u t h o r s ( 6 1 - 6 4 ) . 
Memory e f f e c t s a r e reduced and improvements i n d e t e c t i o n 
l i m i t s f o r r e f r a c t o r y oxide forming elements of t y p i c a l l y 
1-2 o r d e r s of magnitude a r e r e p o r t e d . The d e t e c t i o n l i m i t 
f o r Zr was improved by 2 x 10^ ( 6 2 ) . 
A i r has a l s o been i n t r o d u c e d i n the i n j e c t o r gas by Mayer 
and B a r n e s ( 6 5 ) . L i t t l e e f f e c t on t h e a n a l y t e e m i s s i o n 
s e n s i t i v e s was observed f o r aqueous sample i n t r o d u c t i o n , but 
enhanced decomposition of a dry CaC03 a e r o s o l was observed. 
The i n t r o d u c t i o n of propane i n t o an ICP used as an atom c e l l 
f o r atomic f l u o r e s c e n c e has been reported by Long and Bolton 
(66) . Production of r a d i c a l s p e c i e s from the decomposition 
o f t h e p r o p a n e g a s , a i d e d f r e e atom p r o d u c t i o n from 
30-
r e f r a c t o r y m e t a l o x i d e s i n t h e t a i l f lame r e g i o n where 
f l u o r e s c e n c e i s commonly observed. C e r t a i n a n a l y t e atoms, 
forming s t a b l e c a r b i d e s , were removed from the system. The 
p r o c e s s was a t t r i b u t e d t o p u r e l y c h e m i c a l p a t h w a y s by 
measurement of e l e c t r o n d e n s i t y and temperature. 
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APPLICATIONS OF SLURRY NEBULISATION INDUCTIVELY COUPLED 
PLASMA ATOMIC EMISSION SPECTROMETRY 
2.1 INTRODUCTION 
T h i s c h a p t e r d e a l s w i t h t h e d e v e l o p m e n t o f methods t o 
an a l y s e c o a l s , c a t a l y s t s and herbage by s l u r r y n e b u l i s a t i o n 
I C P - A E S . I n c l u d e d i n t h i s , i s a c o m p a r i s o n o f two 
commercial designs of high s o l i d s v-groove n e b u l i s e r s . 
The a n a l y s i s of c o a l s by s l u r r y n e b u l i s a t i o n ICP-AES h a s 
been the s u b j e c t of much i n t e r e s t i n t h e r e s e a r c h group a t 
Plymouth (14-17, 1 9 ) . A common theme a r e the c o n s i s t e n t l y 
low r e c o v e r i e s obtained f o r aluminium. 
2.2 ANALYSIS OF CERTIFIED REFERENCE COALS BY SLURRY 
NEBULISATION INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION 
SPECTROMETRY 
2.2.1 INTRODUCTION 
The a n a l y s i s of c o a l s l u r r i e s by s l u r r y n e b u l i s a t i o n I CP 
spectrometry, has been r e p o r t e d by McCurdy e t a l . (21) and 
Ebdon e t a l . (14-17, 1 9 ) . A common theme i n t h e l a t t e r 
r e p o r t s h a s been t h e c o n s i s t e n t l y low r e c o v e r i e s o f 
aluminium w i t h r e s p e c t t o o t h e r a n a l y t e s , t h i s has been 
a t t r i b u t e d to incomplete a t o m i s a t i o n of h i g h l y r e f r a c t o r y 
a n a l y t e s p e c i e s . For o t h e r a n a l y t e s , P a r r y and Ebdon (17) 
r e p o r t e d good agreement w i t h c e r t i f i c a t e v a l u e s , f o r c o a l 
s l u r r i e s whose p a r t i c l e s i z e d i s t r i b u t i o n s (PSD) were < 2 m^ 
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but p o o r e r agreement f o r s l u r r i e s whose PSD were < 10 /xm 
(eg. 70-90% of c e r t i f i c a t e v a l u e s ) . 
The a n a l y t i c a l r e c o v e r y of aluminium was i n v e s t i g a t e d as a 
f u n c t i o n of the PSD of c e r t i f i e d r e f e r e n c e c o a l s (SARM 18, 
19, 2 0 ) . C e r t i f i c a t e v a l u e s f o r t h e s e m a t e r i a l s a r e g i v e n 
i n Table 2.1 f o r the a n a l y t e s of i n t e r e s t . 
2.2.2 EXPERIMENTAL 
Samples of c e r t i f i e d c o a l r e f e r e n c e m a t e r i a l s (SARM 18, 19, 
20) were d r i e d a s p e r c e r t i f i c a t e i n s t r u c t i o n s i n an a i r 
oven a t 50'C f o r 24 h r s . P o r t i o n s o f t h e d r i e d m a t e r i a l 
(approx. l.OOOOg), were ground f o r f o u r and e i g h t h o urs 
u s i n g t h e " b o t t l e . a n d bead" method, ( 1 9 ) i . e . s h a k e n 
v i g o r o u s l y w i t h v i t r i f i e d z i r c o n i a beads (lOg) i n 30 cm*^  
c a p a c i t y polythene b o t t l e s , u s i n g a d i s p e r s a n t of aqueous 
a n i o n i c s u r f a c t a n t (2 g dm""^  A e r o s o l OT, d i o c t y l e s t e r of 
sodium s u l p h o s u c c i n i c a c i d , BDH Chemicals, Poole, UK). The 
r e s u l t a n t f i n e l y g r o u n d s l u r r i e s w e r e t r a n s f e r r e d 
q u a n t i t a t i v e l y to v o l u m e t r i c f l a s k s (100.00 cm"^ ) and made up 
to the mark with aqueous s u r f a c t a n t s o l u t i o n . 
The aluminium c o n t e n t s of t h e s e s l u r r i e s were e s t i m a t e d by 
ICP-AES u s i n g the aluminium emission l i n e a t 396.15 nm under 
the c o n d i t i o n s shown i n Table 2.2. C a l i b r a t i o n was obtained 
a g a i n s t simple aqueous standard s o l u t i o n s prepared i n d i l u t e 
n i t r i c a c i d . The sample i n t r o d u c t i o n system c o n s i s t e d of a 
high s o l i d s v-groove n e b u l i s e r and a S c o t t - t y p e double pass 
spray chamber f i t t e d w ith a 3 mm p a r a l l e l quartz i n j e c t o r . 
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TABLE 2.1: CERTIFICATE VALUES FOR COAL CERTIFIED REFERENCE MATERIALS (SARM 18, 19, 20) 
MATERIAL L.O.I AI2O3 Fe203 
CONSTITUENT % w/w 




90.11 2.57 0.29 0.114 0.18 0.11 







71.28 8.01 1.75 0.341 1.39 0.20 





64.7 11.27 1.17 
11.16-11.37 1.15-1.19 
0.63 1.87 0.43 
0.61-0.65 1.85-1.89 0.41-0.45 
NB: Ranges are 95% Confidence I n t e r v a l 
L.O.I. = Loss on I g n i t i o n 
TABLE 2.2: PLASMA OPERATING CONDITIONS FOR DETERMINATION OF 




















Outer Gas Flow 
Intermediate Gas Flow 
Inn e r Gas Flow 
Forward Power 
= 16 dm*' min"^ 
= 0.4 dm*' min"-*-
= 1.3 dm^ min"^ 
= 1.3 kW 
G r e e n f i e l d Torch F i t t e d w ith 3mm i . d . p a r a l l e l i n j e c t o r 
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The p a r t i c l e s i z e d i s t r i b u t i o n s o f t h e s l u r r i e s were 
determined u s i n g a C o u l t e r Counter (Model TA I I ) . 
2.2.3 RESULTS AND DISCUSSION 
The r e s u l t s of the d e t e r m i n a t i o n of aluminium i n c o a l s by 
s l u r r y n e b u l i s a t i o n ICP-AES a r e shown i n Table 2.3 w h i l s t 
the p a r t i c l e s i z e d i s t r i b u t i o n of the s l u r r i e s are given i n 
Table 2.4. 
There i s the expected trend i n t h a t f i n e s l u r r i e s g i v e r i s e 
to s u p e r i o r accuracy ( F i g . 2.1) although t h i s i s complicated 
by an apparent dependency upon the mineralogy of the c o a l . 
The p a r t i c l e s i z e d i s t r i b u t i o n r e q u i r e d f o r s l u r r i e s t o g i v e 
a c c u r a t e r e s u l t s appears to be r e l a t e d to the ash content of 
t h e c o a l w i t h h i g h a s h c o a l s (SARM 19, 20) h a v i n g more 
s t r i n g e n t r e q u i r e m e n t s t h a n low a s h (SARM 1 8 ) . Under 
m i c r o s c o p i c examination, the m a j o r i t y o r g a n i c f r a c t i o n of 
t h e c o a l s was c l e a r l y l a r g e r i n s i z e t h a n t h e i n o r g a n i c 
f r a c t i o n . The more s t r i n g e n t requirements on PSD f o r high 
ash c o a l s may be an e f f e c t of the o v e r a l l PSD of the s l u r r y 
w h i c h more c l o s e l y r e f l e c t s t h e PSD o f t h e i n o r g a n i c 
f r a c t i o n which forms a s u b s t a n t i v e m i n o r i t y of the t o t a l 
f o r t h e s e high ash c o a l s . That i s the PSD of the i n o r g a n i c 
f r a c t i o n i s l o s t w i t h i n t h e o v e r a l l PSD of t h e low a s h 
c o a l s . 
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Fig. 2.1 ANALYTICAL RECOVERY vs. VOLUME 
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TABLE 2.4: RESULTS FOR PARTICLE SIZE ANALYSIS OF COAL SLURRIES 
d i a % VOL 
1 
SARM 18 
2 3 4 
SARM 19 
5 6 7 
SARM 20 
8 9 
< 1.26 - 22.0 29.0 - 41.5 78.5 - 62.7 66.8 
< 2.00 - 32.1 43.7 - 66.7 85.3 - 74.7 76.7 
< 2.52 7.3 42.1 69.6 14.0 85.2 100 26.5 97.7 98.1 
1 < 5.0 59.7 84.0 92.2 72.5 100.0 _ 84.2 100.0 100 it^  M 8.0 1 < 95.7 97.0 99.0 95.8 100.0 - 93.9 — — 
The Fe, Mg, T i , A l , Ca c o n t e n t s o f t h e t h r e e c o a l s (SARM 18, 
19, 20) were d e t e r m i n e d by s l u r r y n e b u l i s a t i o n ICP-AES a f t e r 
g r i n d i n g f o r 10 h r s . The r e s u l t s a r e shown i n T a b l e 2.5. 
E x c e l l e n t agreement w i t h c e r t i f i c a t e v a l u e s was o b t a i n e d 
w i t h a c c e p t a b l e p r e c i s i o n ( e g . t y p i c a l l y 1-2% RSD) f o r a l l 
m a t e r i a l s . 
T h e s e r e s u l t s d e m o n s t r a t e t h e c a r e r e q u i r e d i n 
i n t e r p r e t a t i n g PSD d a t a as a means o f q u a l i t y assurance f o r 
s l u r r y n e b u l i s a t i o n ICP-AES. I f t h e m a t e r i a l t o be a n a l y s e d 
i s h eterogeneous, a n a l y t e r i c h phases w h i c h p o s s i b l y c o n t a i n 
t h e m a j o r i t y o f an a n a l y t e , may h a v e a PSD w h i c h b e a r s 
l i t t l e r e s emblance t o t h e o v e r a l l PSD o f t h e s l u r r y . T h i s 
r e s u l t s i n c o m p l e t e l y d i f f e r e n t t r a n s p o r t / a t o m i s a t i o n 
p r o p e r t i e s f o r t h e s e a n a l y t e r i c h phases when compared t o 
t h o s e e x p e c t e d based upon t h e o v e r a l l PSD. I n t h i s c a s e , 
t h e a n a l y t e r i c h phase had a PSD l e s s t h a n t h e b u l k m a t e r i a l 
( e g . SARM 18) b u t c e r t a i n l y t h e o p p o s i t e has been r e p o r t e d 
by o t h e r w o r k e r s (26, 1 0 ) . 
2.3 ANALYSIS OF HERBAGE CERTIFIED REFERENCE MATERIALS BY 
SLURRY NEBULISATION INDUCTIVELY COUPLED PLASMA ATOMIC 
EMISSION SPECTROMETRY 
2.3.1 INTRODUCTION 
The a n a l y s i s o f p l a n t and h e r b a g e m a t e r i a l s h a s b e e n 
r e p o r t e d by s l u r r y n e b u l i s a t i o n d i r e c t c u r r e n t p l a s m a -
a t o m i c e m i s s i o n s p e c t r o m e t r y (DCP-AES) (70, 24) b u t has n o t 
been r e p o r t e d by ICP-AES. T h i s has been r e c t i f i e d and 
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TABLE 2.5: ANALYSIS OP COAL CERTIFIED REFERENCE MATERIALS BY SLURRY NEBULISATION INDUCTIVELY 
COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY 
MATERIAL 
Fe203 
% FOUND . % R 
TiO. 
% FOUND % R 
CaO 
% FOUND % R 
MgO 
% FOUND % R 
AI2O3 










































NB: U n c e r t a i n t y based on 2o^_y^ (n = 5) 
p r e s e n t e d h e r e a r e methods f o r s l u r r y n e b u l i s a t i o n ICP-AES 
o f p l a n t m a t e r i a l s , e.g. Spruce n e e d l e s (BCR 1 0 1 ) , and Hay 
P o w d e r s ( V I O , BCR 1 2 9 ) . C e r t i f i c a t e v a l u e s f o r t h e s e 
m a t e r i a l s a r e shown i n T a b l e 2.6. 
2.3.2 EXPERIMENTAL 
The c e r t i f i e d r e f e r e n c e m a t e r i a l s had been p r e p a r e d u s i n g 
f r e e z e d r y i n g and a d d i t i o n o f w a t e r r e s u l t e d i n a g l u t i n o u s 
mass w h i c h p r e c l u d e d d i r e c t g r i n d i n g . I t was t h e r e f o r e 
n e c e ssary t o p a r t i a l l y d e s t r o y t h e o r g a n i c m a t r i x by t h e use 
o f a low t e m p e r a t u r e a s h i n g p r o c e s s . 
A p o r t i o n ( a p p r o x . 6.0000g) o f t h e r e f e r e n c e m a t e r i a l was 
weighed i n t o a pre-weighed p l a t i n u m bowl and ashed a t 200'C 
f o r 4 h o u r s . A f t e r c o o l i n g i n a d e s c i c a t e r , t h e b o w l was 
r e - w e i g h e d a n d t h e f r a c t i o n o f m a t e r i a l r e m a i n i n g 
d e t e r m i n e d . T h i s was n o r m a l l y a p p r o x i m a t e l y 10% o f t h e 
o r i g i n a l mass. The ash was c a r e f u l l y h omogenised w i t h a 
p l a s t i c s p a t u l a and p o r t i o n s ( a p p r o x i m a t e l y 0.1500g) were 
ground u s i n g t h e b o t t l e and bead method p r e v i o u s l y d e s c r i b e d 
i n S e c t i o n 2.2.2. U s i n g a d i s p e r s a n t o f aqueous A e r o s o l OT 
(0.5 g dm"^. A e r o s o l OT), t h e s l u r r i e s were g r o u n d f o r 4 
h r s . 
The r e s u l t a n t f i n e l y g r o u n d s l u r r i e s w e r e t r a n s f e r r e d 
q u a n t i t a t i v e l y t o v o l u m e t r i c f l a s k s (100.0 cm^) and made up 
t o t h e mark w i t h t h e aqueous d i s p e r s a n t . 
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TABLE 2.6: CERTIFICATE VALUES FOR HAY POWDER (BCR 129, VXD) AND SPRUCE NEEDLES (BCR 101) 
Sample I.D 
Fe/mg g - 1 
E l e m e n t a l Composition 


































B l a n k s w e r e p r e p a r e d b y f o l l o w i n g t h i s p r o c e d u r e b u t 
o m i t t i n g t h e sample. The m o i s t u r e c o n t e n t o f t h e m a t e r i a l s 
was d e t e r m i n e d as d i r e c t e d on t h e c e r t i f i c a t e . 
The A l , Ca, Mg, Mn, P c o n t e n t s o f t h e s e s l u r r i e s w e r e 
e s t i m a t e d by ICP-AES u s i n g t h e e m i s s i o n l i n e s and plasma 
c o n d i t i o n s shown i n T a b l e 2.7. C a l i b r a t i o n was o b t a i n e d 
a g a i n s t s i m p l e aqueous s o l u t i o n s p r e p a r e d i n d i l u t e n i t r i c 
a c i d . The sample i n t r o d u c t i o n system c o n s i s t e d o f a h i g h 
s o l i d s v-groove n e b u l i s e r and a S c o t t - t y p e d o u b l e pass s p r a y 
chamber f i t t e d w i t h a 3 mm i n j e c t o r . 
The p a r t i c l e s i z e d i s t r i b u t i o n o f t h e s l u r r i e s w e r e 
d e t e r m i n e d u s i n g a C o u l t e r Counter (Model TA I I ) . 
2.3.3 RESULTS AND DISCUSSION 
The r e s u l t s f o r t h e a n a l y s i s o f hay powder ( V I O ) , a r e 
shown i n T a b l e 2.8. The r e s u l t s a r e o b v i o u s l y low compared 
t o t h e c e r t i f i c a t e v a l u e s ( c f . T a b l e 2.6, BCR 1 0 1 , V I O ) . 
The PSD o f t h e s e s l u r r i e s was v e r y f i n e ( T a b l e 2.9) and 
w o u l d t h e r e f o r e n o t u s u a l l y be e x p e c t e d t o p r e s e n t many 
problems. 
F u r t h e r i n v e s t i g a t i o n r e v e a l e d t h a t t h e s o u r c e o f t h e low 
r e c o v e r i e s was due t o i n c o m p l e t e d i s p e r s i o n o f t h e v e r y f i n e 
p r i m a r y p a r t i c l e s . O p t i c a l m i c r o s c o p y showed t h a t t h e 
i n d i v i d u a l p a r t i c l e s had ag g r e g a t e d i n t o a s s e m b l i e s o f 5-10 
p a r t i c l e s , t h i s y i e l d e d a s e c o n d a r y PSD much l a r g e r t h a n 
i n d i c a t e d by C o u l t e r C o u n t e r p a r t i c l e s i z e a n a l y s i s where 
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TABLE 2.7: EMISSION LINES AND PLASMA OPERATING CONDITIONS 
USED FOR THE ANALYSIS OF HAY POWDERS (VIO, BCR 
129) AND SPRUCE NEEDLES (BCR 101) BY SLURRY 
NEBULISATION INDUCTIVELY COUPLED PLASMA ATOMIC 
EMISSION SPECTROMETRY 
ANALYTE EMISSION LINE/nm OBSERVATION 
A l A 1 ( I ) 396.152 35 
Ca C a ( I I ) 318.128 23 
Mg Mg( I ) 285.213 35 
Mn M n ( I I ) 257.61 14 
P P ( I ) 213.618 15 
Outer Gas = 1 6 . 0 dm^ min"^ 
I n n e r Gas = 1.2 dm-^  m i n"^ 
I n t e r m e d i a t e Gas = 0.4 dm"' min*^ 
Forward Power = 1.5 kW 
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TABLE 2.8; RESULTS FOR THE ANALYSIS OF SPRUCE NEEDLES (BCR 101) AND HAY POWDER (VIO) BY SLURRY 
NEBOLISATION INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY 
















BCR 101 3660 85.5 521 84.2 754 82.4 
SPRUCE NEEDLES ±280 ±18 ±10 
VIO 16330 75.6 994 73.1 1713 74,5 HAY POWDER ±660 ±40 ±70 00 
NB: U n c e r t a i n t i e s based on 2a^_2. = 5) 
TABLE 2,9: PARTICLE SIZE DISTRIBUTION OP HAY POWDER (VIO) 
AND SPRUCE NEEDLE (BCR 101) SLURRIES 
Size//im % Volume 
Spruce Needles Hay Powder 
< 8 100 100 
< 5 100 100 
< 2.5 100 100 
< 1.26 78.4 82.4 
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t h e s e a s s e m b l i e s were p r o b a b l y d i s r u p t e d by t h e p r o p r i e t a r y 
C o u l t e r d i s p e r s a n t . When t h e c o n c e n t r a t i o n o f t h e aqueous 
a n i o n i c s u r f a c t a n t ( A e r o s o l OT) was i n c r e a s e d t o 1 g dm~^ 
f r o m 0.5 g dm"^, t h e p r i m a r y p a r t i c l e s d i d n o t f o r m i n t o 
l a r g e r a s s e m b l i e s . A new s e t o f s l u r r i e s were p r e p a r e d 
u s i n g t h e h i g h e r c o n c e n t r a t i o n o f s u r f a c t a n t and a n a l y s e d by 
s l u r r y n e b u l i s a t i o n ICP-AES, t h e r e s u l t s o f which a r e shown 
i n T a b l e 2.10. E x c e l l e n t agreement w i t h c e r t i f i c a t e v a l u e s 
was o b t a i n e d . 
These e x p e r i m e n t s i n d i c a t e t h e i m p o r t a n c e o f c h o i c e o f b o t h 
t y p e and c o n c e n t r a t i o n o f d i s p e r s a n t , t h e e f f o r t i n v o l v e d i n 
r e d u c i n g t h e PSD o f t h e s l u r r y may be w a s t e d by t h e use o f 
an u n s u i t a b l e d i s p e r s a n t o r t h e w r o n g c o n c e n t r a t i o n o f 
d i s p e r s a n t . 
2.4 ANALYSIS OF CATALYST MATERIALS BY SLURRY NEBULISATION 
INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY 
2.4.1 INTRODUCTION 
M o d i f i e d z e o l i t e s a r e used as c a t a l y s t s i n t h e c r a c k i n g o f 
c r u d e o i l f r a c t i o n s i n t h e p e t r o c h e m i c a l i n d u s t r y . The 
s p e c i f i c p r o p e r t i e s o f t h e c a t a l y s t depend t o a g r e a t e x t e n t 
on t h e d e t a i l e d e l e m e n t a l c o m p o s i t i o n . Samples o f c r a c k i n g 
c a t a l y s t s and p r e c u r s o r s were s u p p l i e d , t h e f i n a l c a t a l y s t 
c o n s i s t s o f an e x c h a n g e d Y - t y p e z e o l i t e d i l u t e d a n d 
p e l l e t i s e d u s i n g c l a y s and a m o r p h o u s ' s i l i c a . 
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TABLE 2.10: RESULTS FOR THE ANALYSIS OF HAY POWDER (VIO) AND SPRUCE NEEDLES (BCR 101) BY 
SLURRY NEBULISATION INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY 
SURFACTANT CONCENTRATION I S 1 g dm~^ AEROSOL OT 
Ca Mg Mn P A l 
MATERIAL 
Found % R Found % R Found % R Found % R Found % R 
Mg g"-*- Mg g"-^ Mg g"-*- Mg g"-*-
BCR 101 4295 100.4 635 102.6 905 98.9 1680 99.4 170 98 .3 
SPRUCE 
NEEDLES ±170 ±18 ±14 ±72 ±8 
BCR 129 6430 100.5 1470 101.3 2385 101.0 
HAY POWDER ±115 ±46 ±100 
HAY POWDER 21500 99.5 1375 101.1 2285 99.3 
VIO ±820 ±58 ±50 
I 
NB: U n c e r t a i n t i e s based on 2o^_^ (n = 5) 
The a n a l y s i s o f t h o s e m a t e r i a l s by s l u r r y n e b u l i s a t i o n ICP-
AES i s d e s c r i b e d u s i n g t w o s e p a r a t e s p e c t r o m e t e r s , t h e 
K o n t r o n S35 and a P e r k i n Elmer Plasma I I . 
2.4.2 EXPERIMENTAL 
S l u r r i e s were p r e p a r e d u s i n g t h e b o t t l e and bead method w i t h 
e i t h e r a d i s p e r s a n t o f aqueous sodium p y r o p h o s p h a t e ( 0 . 5 g 
dm"^) o r T r i t o n X-100 (5 g dm"^). The l a t t e r i s a n o n - i o n i c 
s u r f a c t a n t used t o p e r m i t t h e d e t e r m i n a t i o n o f sodium. 
A c r a c k i n g c a t a l y s t (SLS-100) was d i g e s t e d u s i n g a HF/HNO3 
pr o c e d u r e . A sample o f t h e c a t a l y s t (approx. 1.0000 g dm"-^ ) 
was t r e a t e d w i t h c o n c e n t r a t e d n i t r i c a c i d (10 cm^) f o l l o w e d 
by c o n c e n t r a t e d h y d r o f l u o r i c a c i d (20 cm^). The m i x t u r e was 
h e a t e d on a w a t e r b a t h t i l l d i s s o l u t i o n was c o m p l e t e . The 
r e s u l t a n t s o l u t i o n s were a n a l y s e d c o n v e n t i o n a l l y by ICP-AES. 
I n a l l c a s e s , c a l i b r a t i o n was o b t a i n e d a g a i n s t a q u e o u s 
s t a n d a r d s p r e p a r e d i n d i l u t e n i t r i c a c i d (1:50 c o n c e n t r a t e d 
n i t r i c a c i d ) . The plasma o p e r a t i n g c o n d i t i o n s and e m i s s i o n 
l i n e s used a r e g i v e n i n T a b l e 2.12. 
The d e t a i l s o f each e x p e r i m e n t a r e g i v e n i n T a b l e 2.11, as 
t h e p u r p o s e o f t h e e x p e r i m e n t s was t o a s s e s s t h e 
i n s t r u m e n t a t i o n . I n t e r - s a m p l e v a r i a b i l i t y was a v o i d e d by 
r e p e a t e d a n a l y s e s o f a s i n g l e s l u r r y w i t h a wash o u t between 
each s e t o f a n a l y s e s . 
The t o r c h a s s e m b l y o f t h e P e r k i n E l m e r Plasma I I was 
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TABLE 2.11: PLASMA OPERATING CONDITIONS AND EMISSION LINES 
A n a l y t e Wavelength/nm 
F e ( I I ) 238,204 
M g ( I I ) 280.27 
T i ( I I ) 323.45 
C a ( I I ) 396.847 
A 1 ( I ) 396.152 
N a ( I ) 588.95 
Plasma O p e r a t i n g C o n d i t i o n s - P e r k i n Elmer Plasma I I 
Forward Power = 1.0 kW 
I n n e r Gas Flow = 1 . 1 dm^ m i n " ^ (3mm I n j e c t o r ) 
I n n e r Gas Flow = 0.9 dm-^  m i n~^ (1,8 mm I n j e c t o r ) 
O u t e r Gas Flow = 15 dm*' min"-^ 
I n t e r m e d i a t e Gas Flow = 1 dm^ m i n " ^ 
V i e w i n g H e i g h t = 15mm ALC 
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TABLE 2.12: SUMMARY OP EXPERIMENTS FOR ASSESSMENT OF PERKIN ELMER PLASMA I I FOR SLURRY NEBULISATION 
INDUCTIVELY COUPLED PLASMA SPECTROMETRY 
INSTRUMENT INJECTOR DIA. NEBULISER COMMENTS EXPERIMENT NO 
I 
I 
K o n t r o n S35 
Plasma I I 
Plasma I I 
Plasma I I 
Plasma I I 








P e r k i n Elmer 
H i g h - S o l i d s 
P e r k i n Elmer 
H i g h - S o l i d s 
P e r k i n Elmer 
H i g h - S o l i d s 
P e r k i n Elmer 
H i g h - S o l i d s 
P e r k i n Elmer 
H i g h - S o l i d s 
A n a l y s i s o f c a t a l y s t s l u r r y and 
d i g e s t s . T a b le 2.13 
A n a l y s i s o f c a t a l y s t s l u r r y T r i t o n 
X-100 as d i s p e r s a n t . T a b l e 2.14 
A n a l y s i s o f c a t a l y s t s l u r r i e s 
Sodium pyrophosphate as d i s p e r s a n t 
T a b le 2.15 
A n a l y s i s o f c a t a l y s t s l u r r i e s 
T r i t o n X-100 as d i s p e r s a n t 
T a b l e 2.16 
A n a l y s i s o f c a t a l y s t s l u r r i e s 
T r i t o n X-100 as d i s p e r s a n t . Myers 
Tracey s i g n a l compensation 
T a b l e 2.17 
N e b u l i s e r c l e a n e d i n HF. S h o r t t e r m 
d r i f t f o r n e b u l i s e r d e t e r m i n e d f o r 







TABLE 2.12: C o n t i n u e d / 
INSTRUMENT INJECTOR DIA. NEBULISER COMMENTS EXPERIMENT NO 
Plasma I I 
Plasma I I 
Plasma I I 









A n a l y s i s o f c a t a l y s t s l u r r y 
T r i t o n X-100 as d i s p e r s a n t 
Table 2.18 
A n a l y s i s o f C a t a l y s t s l u r r y 
T r i t o n X-100 as d i s p e r s a n t . 
Tracey s i g n a l compensation 
Myers 
A n a l y s i s o f c a t a l y s t s l u r r y 
T r i t o n X-100 as d i s p e r s a n t . I n n e r 
gas f l o w v a r i e d T a ble 2.19 
I 
A n a l y s i s o f soda f e l d s p a r s 
T r i t o n X-100 as d i s p e r s a n t 
d i f f e r e n t PSD o f s l u r r i e s 






m o d i f i e d t o a c c e p t a 3 mm i n j e c t o r by d r i l l i n g o u t t h e 
e x i s t i n g h o l e i n t h e l o w e r i n n e r t u b e o f t h e t o r c h m o u n t i n g 
( P a r t No. N058-1531) t o g i v e a t i g h t f i t on t h e 3 mm i . d . 
q u a r t z i n j e c t o r t u b i n g . The sample i n t r o d u c t i o n s y s t e m on 
b o t h i n s t r u m e n t s c o n s i s t e d o f a S c o t t t y p e d o u b l e pass s p r a y 
chamber f i t t e d w i t h a 3 mm i n j e c t o r and e i t h e r an Ebdon h i g h 
s o l i d s n e b u l i s e r (PSA, Sevenoaks, Kent, UK) o r P e r k i n Elmer 
e q u i v a l e n t . 
The p a r t i c l e s i z e d i s t r i b u t i o n s o f t h e s l u r r i e s w e r e 
d e t e r m i n e d by C o u l t e r Counter (TA I I ) . 
2.4.3 RESULTS AND DISCUSSION 
The c r a c k i n g c a t a l y s t (SLS-100) was r e a d i l y amenable t o 
a n a l y s i s by s l u r r y n e b u l i s a t i o n ICP-AES w i t h good agreement 
w i t h r e s u l t s o b t a i n e d b y c o n v e n t i o n a l ICP-AES a f t e r 
d i s s o l u t i o n i n HF/HNO3 (T a b l e 2.13, Expt 2.4.1). The PSD o f 
t h e c a t a l y s t s l u r r i e s were 100% < 2.5 90% < 2.0 /xm. 
The i n i t i a l s t u d i e s u s i n g t h e P e r k i n E l m e r Plasma I I and 
h i g h s o l i d s n e b u l i s e r w e r e p l a g u e d b y p o o r p r e c i s i o n . 
P r e v i o u s s t u d i e s ( e . g . S e c t i o n s 2.2, 2.3) would suggest t h a t 
a p r e c i s i o n b e t t e r t h a n 2% RSD would n o t be an unre a s o n a b l e 
e x p e c t a t i o n f o r d e t e r m i n a t i o n by s l u r r y n e b u l i s a t i o n ICP-
AES. The i n i t i a l s t u d i e s u s i n g t h e Plasma I I y i e l d e d RSD's 
g r e a t e r t h a n 5% w i t h an a p p a r e n t b i a s i n t h e d e t e r m i n a t i o n s 
( e . g . T a b l e 2.14 E x p t 2 . 4 . 2 ) . T h i s was a t t r i b u t e d t o a 
s y s t e m a t i c i n s t r u m e n t a l p r o c e s s r a t h e r t h a n i n t e r - s a m p l e 
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TABLE 2.13: ANALYSIS OP A CRACKING CATALYST (SLS-100) 
METHOD E LEMENTAL COMPOSITION 
Fe/txq q' Mg//ig g - 1 Ti//xg g - 1 Ca/Mg g* A l % 
S l u r r y Nebul-









S o l u t i o n ICP-AES 2070 530 660 780 16.54 
XRF 2100 180 600 570 16.57 
u i 
I n s t r u m e n t = K o n t r o n S35 3 mm I n j e c t o r Ebdon N e b u l i s e r 
v a r i a b i l i t y by t h e use o f an e x p e r i m e n t a l p r o t o c o l where 
each "sample" was a r e p e a t d e t e r m i n a t i o n on a s i n g l e s l u r r y . 
A number o f e x p e r i m e n t s were p e r f o r m e d ( E x p t 2-4.2-2.4.6) 
t o i d e n t i f y t h e s o u r c e o f t h e i m p r e c i s i o n i n t h e 
e x p e r i m e n t a l system. The i m p r e c i s i o n was independent o f t h e 
i n j e c t o r b o r e d i a m e t e r ( E x p t 2.4.4, T a b l e 2.16 compared t o 
E x p t 2.4.2, T a b l e 2.14) and a l s o d i s p e r s a n t t y p e ( E x p t 
2.4.3, T a b l e 2.15, compared t o Expt 2.4.2, T a b l e 2.14). 
I t was a p p a r e n t t h a t n e b u l i s a t i o n e f f e c t s were p r o b a b l y t h e 
prime c a n d i d a t e as t h e source o f t h e v a r i a b i l i t y , t h e use o f 
an i n t e r n a l s t a n d a r d w o u l d a l l o w t h e d i s t i n c t i o n b e t w e e n 
n e b u l i s a t i o n e f f e c t s and changes i n e x c i t a t i o n c o n d i t i o n s . 
U s i n g t h e S c ( I I ) 424.68 nm l i n e as t h e r e f e r e n c e , v a r i a t i o n 
i n e x c i t a t i o n c o n d i t i o n s f o r s o f t l i n e s ( e . g . A 1 ( I ) 396.15 
nm and N a ( I ) 589 nm) w o u l d n o t be c o r r e c t e d e f f e c t i v e l y 
u s i n g t h e h a r d S c ( I I ) 424.68 nm l i n e as a r e f e r e n c e w h i l s t 
g r o s s n e b u l i s a t i o n e f f e c t s s h o u l d be c o r r e c t e d e f f e c t i v e l y . 
T h e r e f o r e , i f g r o s s n e b u l i s a t i o n e f f e c t s were t h e cause o f 
t h e i m p r e c i s i o n t h e n t h e i n t e r n a l s t a n d a r d i s a t i o n p r o c e d u r e 
s h o u l d u n i f o r m a l l y i mprove t h e p r e c i s i o n f o r a l l e m i s s i o n 
l i n e s . T h i s was t h e o b s e r v e d b e h a v i o u r ( E x p t 2.4.5, T a b l e 
2.17) and t h e r e f o r e t h e blame was a t t r i b u t e d t o n e b u l i s a t i o n 
e f f e c t s . 
The n e b u l i s e r was removed and examined u s i n g a l o w power 
s t e r e o zoom m i c r o s c o p e . D e p o s i t s o f m a t e r i a l were p l a i n l y 
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TABLE 2.14: ANALYSIS OF A CATALYST BY SLURRY NEBULISATION INDUCTIVELY 
COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY 
I 
SAMPLE I.D. 






( T i ) + 
Ca//ig 
(Ca+) 






















































% RSD 6.7 2.7 3.2 5.6 5.2 4.1 
(Check Stnd) (16.9+) (4.215+) (18.25+) (4.38+) (226+) (22.6+) 
I n s t r u m e n t = P e r k i n Elmer Plasma I I 
P e r k i n Elmer High S o l i d s N e b u l i s e r 3 mm I n j e c t o r D i s p e r s a n t = T r i t o n X-100 
+ Values i n b r a c k e t r e f e r t o q u a l i t y s t a n d a r d s i e . C a l i b r a t i o n Standards r u n as sample, (+ Cone i n S o l u t i o n /^g cm c r M 
TABLE 2.15: ANALYSIS OP A CATALYST BY SLURRY NEBULISATION INDUCTIVELY 












(T i + ) 
Ca/jug g"^ 
(Ca+) 




















































(Check Stnd) (+19.17) (+4.97) (+18.52) (+5.00) (+250) -
I n s t r u m e n t = P e r k i n Elmer Plasma I I 
D i s p e r s a n t = Sodium Pyrophosphate 
3 mm I n j e c t o r : P e r k i n Elmer High S o l i d s N e b u l i s e r 
+ Values i n b r a c k e t s r e f e r t o q u a l i t y s t a n d a r d s i ^ . C a l i b r a t i o n S t a ndard r u n as a sample, 
(+Conc. i n Solution/cm"-*) 
TABLE 2.16: ANALYSIS OP A CATALYST BY SLURRY NEBDLISATION INDUCTIVELY COUPLED PLASMA 
ATOMIC EMISSION SPECTROMETRY 
I 




T i / ^ g g"^ 
( T i ) 
Ca//ig g"^ 
(Ca) 





























































I n s t r u m e n t = P e r k i n 
D i s p e r s a n t = T r i t o n 
Elmer Plasma I I 
X-100 
1.8 mm I n j e c t o r P e r k i n Elmer High S o l i d s N e b u l i s e r 
=1= Values i n b r a c k e t s r e f e r t o q u a l i t y s t a n d a r d s 
(4=Conc. i n S o l u t i o n / / i g cm""^) i . e . C a l i b r a t i o n s t a n d a r d r u n as a sample. 
to 
TABLE 2.17; ANALYSIS OF A CATALYST BY SLURRY NEBDLISATION INDUCTIVELY COUPLED PLASMA ATOMIC 
EMISSION SPECTROMETRY WITH MYERS-TRACEY SIGNAL COMPENSATION 
E l e m e n t a l Composition ( + S o l u t i o n concn.//ig cm"^) 
SAMPLE I.D. 
Fe/^q g"^ Mg/Mg g"-*- T i / ^ g g"^ Ca/fiq g"^ A l % Na % 
(F e f ) (Mg) ( T i ) (Ca) ( A l ) (Na) 
(Check s t n d ) (+19.75) (+5.05) (+19.96) (+5.04) (+259) (24.89) 
Na Y 62/1 508 233 230 783 9.16 1.65 
2 494 224 237 779 9.03 1.67 
3 497 220 222 771 8.88 1.67 
4 480 221 229 814 9.33 1.72 
5 515 216 225 814 9.21 1.70 
X 499 223 229 791 9.12 1.68 
^n-1 13 6 6 19 0.17 0.03 % RSD 2.7 2.9 2.5 2.4 1.9 1.8 
(=j=Check Stnd) (+20.19) (+4.976) (+19.746) (+4.964) (+255) (+25.31 
I n s t r u m e n t = P e r k i n Elmer Plasma I I 
D i s p e r s a n t = T r i t o n X-100 
3 mm I n j e c t o r 
P e r k i n Elmer High S o l i d s N e b u l i s e r 
+ Values i n b r a c k e t s r e f e r t o q u a l i t y s t a n d a r d s i . e . C a l i b r a t i o n S t andard r u n as a sample, 
( + S o l u t i o n concn./^g cm "*) 
v i s i b l e deep w i t h i n t h e gas o r i f i c e and l e s s s u r p r i s i n g l y i n 
t h e sample o r i f i c e , t h e b l o c k a g e o f t h e gas o r i f i c e had 
a p p r o x i m a t e l y h a l v e d t h e c r o s s s e c t i o n a l a r e a . The d e p o s i t s 
o f c a t a l y s t m a t e r i a l were removed by s o a k i n g i n h y d r o f l u o r i c 
a c i d , f o l l o w e d by a t h o r o u g h r i n s e w i t h d i s t i l l e d w a t e r . 
Re-examination o f t h e n e b u l i s e r showed no s i g n s o f c a t a l y s t , 
t h e o r i f i c e geometry appeared s a t i s f a c t o r y and t h e r e was no 
e v i d e n c e o f m a c h i n i n g s w a r f . 
A f t e r re-assembly, t h e s h o r t t e r m d r i f t o f t h e n e b u l i s e r was 
e s t i m a t e d by c o n t i n u o u s a s p i r a t i o n o f a s l u r r y 
o v e r a p p r o x i m a t e l y 1 h r . w i t h t h e c o n t i n u o u s m o n i t o r i n g o f 
t h e F e ( I I ) 238.2 nm l i n e { E x p t 2.4.6, F i g 2 . 2 ) . The 
e m i s s i o n s i g n a l decreased o v e r t h e t i m e o f t h e e x p e r i m e n t , 
r e - e x a m i n a t i o n o f t h e n e b u l i s e r showed d e p o s i t s i n t h e gas 
o r i f i c e . P a r t i a l b l o c k i n g o f t h e n e b u l i s e r was t h e r e f o r e 
a s s i g n e d as b e i n g t h e cause o f t h e i n s t a b i l i t y . 
A l t h o u g h i n t e r n a l s t a n d a r d i s a t i o n d i d c o r r e c t t h e 
i n s t a b i l i t y o f t h e n e b u l i s e r , i t seems a poor a l t e r n a t i v e t o 
an i n h e r e n t l y s t a b l e s y s t e m . The use o f s c a n d i u m as an 
i n t e r n a l s t a n d a r d , u n a v o i d a b l y i n t r o d u c e d a s m a l l q u a n t i t y 
o f d i l u t e n i t r i c a c i d t o t h e s l u r r y . T h i s was s u f f i c i e n t t o 
cause m i c r o - f l o c u l a t i o n o f t h e t y p e p r e v i o u s l y o b s e r v e d 
w h i c h had r e s u l t e d i n l o w a n a l y t i c a l r e c o v e r i e s ( S e c t i o n 
2.3) . 
T h e r e f o r e , t h i s p a r t i c u l a r n e b u l i s e r was j u d g e d t o be 
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u n s u i t a b l e f o r s l u r r y n e b u l i s a t i o n , no a s s e s s m e n t o f 
a c c u r a c y was f e l t t o be n e c e s s a r y o r p o s s i b l e due t o t h e 
i m p r e c i s i o n o f t h e i n d i v i d u a l a n a l y s e s . 
The mechanism by w h i c h m a t e r i a l c r e e p s i n t o t h e f i n e gas 
c a p i l l a r y o f t h e n e b u l i s e r , a g a i n s t a h i g h speed gas f l o w i s 
u n c e r t a i n b u t d o e s u n d o u b t e d l y o c c u r r e n d e r i n g t h i s 
n e b u l i s e r u s e l e s s f o r s l u r r y n e b u l i s a t i o n . 
The P e r k i n Elmer n e b u l i s e r was r e p l a c e d w i t h an Ebdon h i g h 
s o l i d s n e b u l i s e r (PS A n a l y t i c a l , Sevenoaks, K e n t ) w h i c h 
d e m o n s t r a t e d none o f t h e u n f o r t u n a t e b e h a v i o u r o f t h e P e r k i n 
Elmer d e s i g n ( e . g . compare Expt 2.4.7 w i t h Expt 2.4.2). The 
p r e c i s i o n was w i t h i n t h e r a n g e s o b s e r v e d p r e v i o u s l y ( e . g . 
S e c t i o n 2.2, 2.3) o f a p p r o x i m a t e l y 2% RSD o r b e t t e r . 
P o s s e s s i o n o f s u f f i c i e n t l y p r e c i s e d a t a a l l o w e d an 
a s s e s s m e n t o f t h e a c c u r a c y o f t h e m e t h o d . T h i s was 
p e r f o r m e d u s i n g a s l u r r y o f t h e c r a c k i n g c a t a l y s t (SLS-100) 
which had p r e v i o u s l y been a n a l y s e d by b o t h c o n v e n t i o n a l and 
S l u r r y n e b u l i s a t i o n ICP-AES. The a n a l y t i c a l r e c o v e r y was 
a p p r o x i m a t e l y 70% o f t h e a c c e p t e d v a l u e s ( T a b l e 2.18) t h i s 
was a t t r i b u t e d t o t h e PSD o f t h e s l u r r y w h i c h was 
c o n s i d e r a b l y c o a r s e r t h a n t h e s l u r r i e s p r e p a r e d f o r E x p t 
2.4.1 w i t h o n l y 67% < 2 ^xm compared w i t h 90% < 2 /im and 72% 
< 2.5 /im compared w i t h 100% < 2.5 /im. A l t h o u g h a s i m i l a r 
p r o c e d u r e had been f o l l o w e d f o r p a r t i c l e s i z e r e d u c t i o n , a 
d i f f e r e n t f l a s k shaker and d i s p e r s a n t was used f o r t h e l a t e r 
s e t o f e x p e r i m e n t s , t h i s d o e s i l l u s t r a t e t h a t r o u t i n e 
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TABLE 2.18: ANALYSIS OF CATALYST BY SLURRY NEBULISATION INDUCTIVELY COUPLED 
PLASMA ATOMIC EMISSION SPECTROMETRY 
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I n s t r u m e n t = P e r k i n Elmer Plasma I I 
D i s p e r s a n t = T r i t o n X-100 
3 mm I n j e c t o r 
Ebdon n e b u l i s e r 
+ Values i n b r a c k e t s r e f e r t o q u a l i t y s t a n d a r d s i ^ e . C a l i b r a t i o n S t a ndard r u n as a sample, 
( + S o l u t i o n Concn./^g cm"-*) 
TABLE 2.19: ANALYSIS OF CATALYST SLURRY BY SLURRY NEBULISATION INDUCTIVELY COUPLED 
PLASMA ATOMIC EMISSION SPECTROMETRY. INNER GAS PLOW VARIED. 
INNER/dm^ m i n " ^ 
Fe/iLig g' 
E l e m e n t a l Composition As Normal Oxide 
Mg//Lig g' T i / g g " l ca//ig g' A l % Na 
1.3 
0.9 
1480 ± 47 
1570 ± 120 
430 ± 16 
436 ± 4 
486 ± 23 
492 ± 4 
491 + 23 12.59 ± 0.4 2610 ± 70 
507 ± 33 12.81 ± 0.1 2580 ± 70 
I 
o^ 
P e r k i n Elmer Plasma I I 
D i s p e r s a n t = T r i t o n X-100 
U n c e r t a i n t i e s = 2a n-1 (n = 5) 
Ebdon N e b u l i s e r 
3 mm I n j e c t o r 
m o n i t o r i n g o f t h e PSD o f t h e s l u r r i e s i s r e q u i r e d t o a s s u r e 
t h e e f f i c i e n c y o f p a r t i c l e s i z e r e d u c t i o n . T h i s does n o t 
i n v a l i d a t e t h e c a r e r e q u i r e d i n u s i n g p r i m a r y PSD's s o l e l y 
as a means o f q u a l i t y assurance (eg. S e c t i o n 2.2, 2 . 3 ) . 
F u r t h e r e x a m i n a t i o n o f t h e c r a c k i n g c a t a l y s t s l u r r i e s u s i n g 
o p t i c a l m i c r o s c o p y r e v e a l e d p o t e n t i a l l i m i t a t i o n s o f T r i t o n 
X-100 as a d i s p e r s a n t . The c a t a l y s t c o n s i s t s o f t h r e e m a j o r 
p h a s e s , t h e z e o l i t e , c l a y s t o d i l u t e t h e c a t a l y s t and an 
amorphous b i n d e r . One phase, a l m o s t c e r t a i n l y t h e b i n d e r 
( d u e t o t h e v e r y s m a l l p a r t i c l e s i z e ) , was n o t f u l l y 
d i s p e r s e d . T h i s has b e e n shown t o be an u n d e s i r a b l e 
s i t u a t i o n ( e . g . S e c t i o n 2.3) l e a d i n g t o l o w a n a l y t i c a l 
r e c o v e r i e s . 
The u s e o f an i n t e r n a l s t a n d a r d was i n v e s t i g a t e d b u t 
a d d i t i o n o f an a l i q u o t o f s c a n d i u m n i t r a t e s o l u t i o n t o a 
c r a c k i n g c a t a l y s t s l u r r y r e s u l t e d i n an i n s t a n t a n e o u s , 
massive f l o c c u l a t i o n w h i ch p r e c l u d e d t h e use o f an i n t e r n a l 
s t a n d a r d . 
To f u r t h e r assess t h e a c c u r a c y o f t h e method, s l u r r i e s o f a 
c e r t i f i e d soda f i e l d s p a r (BCS 375) w e re p r e p a r e d u s i n g 
T r i t o n X-100 as a d i s p e r s a n t . The r e c o v e r i e s w e r e l o w 
compared t o c e r t i f i c a t e d v a l u e s b u t improved w i t h i n c r e a s e d 
g r i n d i n g ( E x p t 2.4.10, T a b l e 2 . 2 0 ) . T h i s o b v i o u s p a r t i c l e 
s i z e e f f e c t c a n be c l e a r l y s e e n i n T a b l e 2.20 w h i c h 
c o r r e l a t e s PSD w i t h a n a l y t i c a l r e c o v e r y . 
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TABLE 2.20: ANALYSIS OF A SODAFELDSPAR (BCS 375) BY SLURRY NEBULISATION 
INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY. EFFECT OF 
PARTICLE SIZE 
G r i n d i n g Time/hrs 
Fe/^g g' 
Ele m e n t a l Composition As Normal Oxide 






758 ± 36 
906 ± 20 
179 ± 4 
182 ± 5 
2880 ± 40 
3150 + 151 
13.94 ± 0.6 7.93 ± 0.2 
16.00 ± 0.2 8.47 ± 0.0 
% RECOVERIES 
Fe Mg T i Ca A l Na 
63.2 Not 75.8 - 70.4 71.4 
75.5 C e r t i f i e d 82.9 - 80.8 81.4 
TABLE 2.21: ANALYSIS OF A SODA FELDSPAR (BCS 375) SLURRY. 
EFFECT OF PARTICLE SIZE ON ANALYTICAL RECOVERY 

































S l u r r y A ground f o r 2-5 h o u r s 
S l u r r y B ground f o r 4 hours 
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C l e a r l y t h e p e r f o r m a n c e o f t h e P e r k i n E l m e r h i g h s o l i d s 
n e b u l i s e r i s v e r y p o o r i n c o m p a r i s o n w i t h t h e Ebdon h i g h 
s o l i d s n e b u l i s e r . W i t h o n l y s l i g h t m o d i f i c a t i o n t o t h e 
P e r k i n Elmer Plasma I I t o r c h assembly, s l u r r y n e b u l i s a t i o n 
ICP-AES has been s u c c e s s f u l l y d e monstrated a l t h o u g h an Ebdon 
h i g h s o l i d s n e b u l i s e r was r e q u i r e d . P r e c i s i o n was 
comparable w i t h t h a t o b t a i n e d u s i n g o t h e r i n s t r u m e n t s . 
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THE INTRODUCTION OF NITROGEN A8 AN A I D I N SLURRY 
N E B U L I S A T I O N I N D U C T I V E L Y COUPLED PLASMA ATOMIC 
EMISSION SPECTROMETRY 
3.1 INTRODUCTION 
Nitrogen has been used as an a l t e r n a t i v e outer gas i n TCP's 
f o r many y e a r s , e i t h e r c o m p l e t e l y o r p a r t i a l l y r e p l a c i n g 
argon. The g e n e r a l a n a l y t i c a l p r o p e r t i e s of t h e s e plasmas 
have been e x t e n s i v e l y s t u d i e d and r e c e n t l y r e v i e w e d i n 
some d e t a i l (33, 71, 7 3 ) . Nitrogen cooled plasmas have been 
used f o r s l u r r y n e b u l i s a t i o n ICP-AES (e.g. 7-10) and i t has 
g e n e r a l l y been assumed t h a t N2/Ar plasmas a r e s u p e r i o r i n 
terms of p a r t i c l e decomposition when compared with a l l argon 
p l a s m a s . N i t r o g e n h a s a l s o been u s e d a s a c o m p l e t e o r 
p a r t i a l replacement f o r argon i n t h e c e n t r a l gas flow (51-
58) . 
The f o l l o w i n g work i n v e s t i g a t e s the use of nitr o g e n a d d i t i o n 
t o t h e I C P , v i a t h e c e n t r a l gas f l o w , a s an a i d i n t h e 
a n a l y s i s of r e f r a c t o r y m a t e r i a l s by s l u r r y n e b u l i s a t i o n 
ICP-AES. Simplex o p t i m i s a t i o n r o u t i n e s were employed t o 
a s s e s s t h e p r o f i t a b i l i t y o f n i t r o g e n a d d i t i o n , and an 
e x p e r i m e n t a l p r o t o c o l was d e v i s e d t o m i n i m i s e e a s i l y 
i o n i s a b l e element e f f e c t s . 
3.2 RESULTS AND DISCUSSION 
3.2.1 INITIAL STUDIES 
I n i t i a l i n v e s t i g a t i o n s showed t h a t a t plasma o p e r a t i n g 
c o n d i t i o n s of forward power = 1.5 kW, I n n e r gas flow = 2.3 
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dm^ min"^. Outer gas flow = 25.3 dm*' inin~-^, up t o 20% v/v 
n i t r o g e n i n argon c o u l d be added t o t h e ICP through t h e 
i n j e c t o r . A c a l c i n e d bauxite s l u r r y (BCS 394) was prepared 
by g r i n d i n g f o r 4 hours u s i n g t h e b o t t l e and bead method 
w i t h sodium pyrophosphate as the d i s p e r s a n t . T h i s s l u r r y 
was n e b u l i s e d i n t o the ICP and the n i t r o g e n c o n c e n t r a t i o n 
and o b s e r v a t i o n h e i g h t v a r i e d t o a s s e s s t h e e f f e c t o f 
n i t r o g e n a d d i t i o n on a n a l y t i c a l r e c o v e r y . The r e s u l t s a r e 
shown i n Tab l e s 3.1, 3.2. 
T hese i n i t i a l r e s u l t s seemed t o i n d i c a t e t h a t n i t r o g e n 
a d d i t i o n was probably not b e n e f i c i a l , but a l s o t h a t o t h e r 
plasma parameters might be the determining f a c t o r s . A f u l l 
s c a l e o p t i m i s a t i o n of the system was deemed to be e s s e n t i a l , 
a m u l t i - v a r i a t e o p t i m i s a t i o n (eg. Simplex) being r e q u i r e d , 
due t o the w e l l known interdependence of plasma o p e r a t i n g 
v a r i a b l e s . 
3.2.2 SIMPLEX OPTIMISATION OF SLURRY NEBULISATION 
INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTRO-
METRY OF CALCINED BAUXITE (BCR 394) 
S i m p l e x r o u t i n e s have p r e v i o u s l y been u s e d t o o p t i m i s e 
plasma c o n d i t i o n s f o r s l u r r y n e b u l i s a t i o n (14, 21) where the 
SBR of a r e p r e s e n t a t i v e l i n e was u s e d a s t h e f i g u r e of 
m e r i t . U n f o r t u n a t e l y , SBR i s a h i g h l y b i a s e d f i g u r e of 
m e r i t where an improvement i n a n a l y t i c a l r e c o v e r y of 20% 
might be i n s i g n i f i c a n t compared w i t h the normal dependency 
o f SBR on p l a s m a o p e r a t i n g c o n d i t i o n s . 
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TABLE 3.1: EFFECTS OF NITROGEN ADDITION ON ANALYTICAL RECOVERY 
(% R) AND SIGNAL TO BACKGROUND RATIO (8BR) FOR A 

































Inn e r Gas Flow = 2.3 dm^ min"^ 
Outer Gas Flow = 25.3 dm-^  min"^ 
Forward Power = 1500 W 
Intermediate Gas Flow = 0.4 dm^ ^ min"^ 
Observation Height = 20 mm. 
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TABLE 3.2: EFFECT OF OBSERVATION HEIGHT ON ANALYTICAL RECOVERY 
(% R) FOR A CALCINED BAUXITE SLURRY (BCS 394) IN AN 
























Inner Gas Flow = 2,3 dm*' min"^ 
Intermediate Gas Flow = 0.4 dm-^  min"^ 
Outer Gas Flow = 25.3 dm-^  min"**" 
Forward Power = 1500 W 
% N. = 2.5 
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Using a n a l y t i c a l r e c o v e r y as the f i g u r e of m e r i t , doubles 
t h e number of measurements a t each v e r t e x , but o b v i o u s l y 
optimises s o l e l y f o r the parameter of i n t e r e s t . The Simplex 
was not taken to completion due to very high responses, (eg. 
R = 1 9 6 % ) . T h i s was i n v e s t i g a t e d by u n i v a r i a t e s e a r c h e s 
around the v e r t e x which gave the h i g h e s t response i . e . Power 
= 1-33 kW, o b s e r v a t i o n h e i g h t = 5 mm. I n n e r gas flow = 2.3 
dm-^  min"^, % N2 = 0.47, Outer gas flow = 18 dm-^  min"^. I n 
p r a c t i c e the plasma was found t o be o p e r a t i n g on the edges 
of s t a b i l i t y and o n l y h e i g h t and i n n e r gas flow c o u l d be 
searched. 
The r e s u l t s from the u n i v a r i a t e s e a r c h e s are shown i n F i g s . 
3.1 and 3.2. The b e s t r e s p o n s e s were o b t a i n e d a t low 
o b s e r v a t i o n h e i g h t s and h i g h i n j e c t o r f l o w s . These a r e 
p o t e n t i a l l y the c o n d i t i o n s under which severe matrix e f f e c t s 
from e a s i l y i o n i s a b l e elements ( E I E ) m a n i f e s t t h e m s e l v e s . 
T h i s was t e s t e d by l o c a t i n g t h e p o s i t i o n of t h e i n i t i a l 
r a d i a t i o n zone (IRZ) by n e b u l i s i n g an aqueous s o l u t i o n of 
sodium (2,000 /ig cm"^) . I t was found t h a t the t i p of the 
" b u l l e t " was a p p r o x i m a t e l y 18-23 mm above t h e l o a d c o i l 
which i n d i c a t e d t h a t E I E e f f e c t s were p o t e n t i a l l y a major 
i n t e r f e r e n c e . 
T h i s was c o n f i r m e d by s t u d y i n g t h e e f f e c t o f v a r i o u s 
c o n c e n t r a t i o n s of sodium on the T i ( I I ) 323.45 nm e m i s s i o n 
s i g n a l ( F i g 3.3). From t h i s , i t was obvious t h a t the h i g h 
r e c o v e r i e s were due to enhancement of the a n a l y t e s i g n a l by 
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Fig. 3.1 VIEWING HEIGHT vs. ANALYTICAL RECOVERY FROM A 
CALCINED BAUXITE SLURRY. EXPERIMENTAL CONDITIONS 
FAVOURING THE EASILY lONISABLE ELEMENT EFFECT 
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Rg. 3.2 INNER GAS FLOW vs. ANALYTICAL RECOVERY FROM A 
CALCINED BAUXITE SLURRY. EXPERIMENTAL CONDITIONS 
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Fig. 3.3 EFFECT OF ADDED SODIUM UPON EMISSION FROM THE 
Tijl) 323.45 nm UNE. EXPERIMENTAL CONDITIONS 
FAVOURING THE EASILY lONISABLE ELEMENT EFFECT 
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m a t r i x E I E which were p r e s e n t o n l y i n the s l u r r y . High 
responses were a l s o favoured by low n i t r o g e n c o n c e n t r a t i o n s 
which suggests t h a t nitrogen a d d i t i o n might a c t t o suppress 
the E I E matrix e f f e c t . 
The S i m p l e x r o u t i n e was t h o u g h t t o be o p t i m i s i n g t h e 
c o n d i t i o n s u n d e r w h i c h E I E m a t r i x e f f e c t s w o u l d be 
m a x i m i s e d . To a v o i d t h i s , i t was d e c i d e d n o t o n l y t o 
matrix match the aqueous standard f o r E I E , but to overmatch. 
T h e r e f o r e i f a s e t of c o n d i t i o n s were g e n e r a t e d by t h e 
S i m p l e x r o u t i n e w h i c h gave a m a t r i x enhancement, t h e 
e x p e r i m e n t a l response ( i . e . a n a l y t i c a l r e c o v e r y ) would be 
low and t h e r e f o r e move t h e Simplex away from c o n d i t i o n s 
which gi v e r i s e t o E I E e f f e c t s . 
T h i s experiment was performed, the Simplex progress i s shown 
i n T a b l e 3.3 and t h e r e t a i n e d v e r t i c e s i n T a b l e 3.4. The 
o p t i m i s a t i o n was h a l t e d when the r e l a t i v e standard d e v i a t i o n 
of t h e b e s t f i v e r e t a i n e d v e r t i c e s were w i t h i n t w i c e t h e 
e s t i m a t e d p r e c i s i o n of the d e t e r m i n a t i o n . To i n v e s t i g a t e 
the i n f l u e n c e of the i n d i v i d u a l parameters on the response 
( a n a l y t i c a l r e c o v e r y ) , u n i v a r i a t e s e a r c h e s a r o u n d t h e 
optimum were performed ( F i g s . 3.4-7), the upper and lower 
b o u n d a r i e s and a v e r a g e o f t h e b e s t f i v e v e r t i c e s a r e 
i n d i c a t e d on these f i g u r e s . 
A n a l y t i c a l recovery appears to be independent of power and % 
n i t r o g e n a d d i t i o n . I n j e c t o r f l o w r a t e and o b s e r v a t i o n 
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Fig. 3.4. INNER GAS FLOW vs. ANALYTICAL RECOVERY 
FROM A CALCINED BAUXITE SLUURY 
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Fig. 3.5. FORWARD POWER vs. ANALYTICAL RECOVERY 
FROM A CALCINED BAUXITE SLURRY 
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Fig. 3.6. VIEWING HEIGHT vs. ANALYTICAL RECOVERY 
FROM A CALCINED BAUXITE SLURRY 
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TABLE 3.3: SIMPLEX OPTIMISATION OF SLURRY NEBULISATION INDUCT-
IVELY COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY OF 








% N2 v/v I n n e r / 
dm-* min"-*-
% R 
1 1.25 15 0 1.2 69.1 
2 1.75 19 2.35 1.3 65.7 
3 1.4 30 2.35 1.3 66.5 
4 1.4 19 9.42 1.3 71.5 
5 1.4 19 2.35 1.75 71 
6 0.97 22 4.71 1.47 0.1 
7 1.54 20 2.94 1.36 68. 1 
8 1.39 7 5 1.49 67.3 
9 1.39 12 4.34 1.45 69.4 
10 1.20 13 5.11 1.50 68.7 
11 1.26 15 4.55 1.46 70.0 
% R = A n a l y t i c a l Recovery 
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TABLE 3.4: FIVE BEST RETAINED VERTICES FROM SIMPLEX OPTIMISATION 












































height appear to be the dominant f a c t o r s . 
The complex n a t u r e of the response curve f o r i n j e c t o r flow 
r a t e ( F i g . 3.4) i s d i f f i c u l t t o e x p l a i n but may be due to a 
t r a d e - o f f between r e l a t i v e sample t r a n s p o r t e f f i c i e n c y and 
a t o m i s a t i o n e f f i c i e n c y . At lower flow r a t e s , a t o m i s a t i o n 
e f f i c i e n c i e s improve due to longer p a r t i c l e r e s i d e n c e times. 
As f l o w r a t e s i n c r e a s e , r e s i d e n c e t i m e s d e c r e a s e and 
t h e r e f o r e p a r t i c l e a t o m i s a t i o n d e c r e a s e s . However, i f a 
competing mechanism, t h e v a r i a t i o n of r e l a t i v e a n a l y t e 
t r a n s p o r t e f f i c i e n c y b e t w e e n s o l u t i o n and s l u r r y i s 
int r o d u c e d , such t h a t high flow r a t e s l e a d t o improvements 
i n s l u r r y a n a l y t e t r a n s p o r t compared with s o l u t i o n a n a l y t e , 
the e f f e c t of reduced r e s i d e n c e time i s counteracted by high 
r e l a t i v e t r a n s p o r t e f f i c i e n c i e s . 
The v a r i a t i o n i n recovery with r e s p e c t to obs e r v a t i o n h e i g h t 
( F i g . 3.6) does not seem t o be governed by r e s i d e n c e time 
e f f e c t s but by plasma e n e r g i e s . I t i s p r o b a b l y no c o -
i n c i d e n c e t h a t t h e maximum r e c o v e r y c o i n c i d e s w i t h t h e 
r e g i o n of t h e plasma c h a r a c t e r i s e d by t h e maximum SBR of 
hard l i n e s . 
3.3 CONCLUSIONS 
(1) A d d i t i o n of n i t r o g e n t o t h e i n j e c t o r gas does not 
a p p e a r t o a s s i s t t h e d e c o m p o s i t i o n o f r e f r a c t o r y 
s l u r r i e s . 
(2) Care must be e x e r c i s e d i n the use of Simplex r o u t i n e s 
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f o r t h e o p t i m i s a t i o n o f ICP p l a s m a s f o r s l u r r y 
n e b u l i s a t i o n t o a v o i d m a x i m i s a t i o n o f i n t e r f e r e n c e s 
f r o m e a s i l y i o n i s a b l e elements. 
(3) T h i s may be overcome by t h e use o f o v e r m a t c h e d ( f o r 
EIE) aqueous s t a n d a r d s . 
(4 ) N i t r o g e n a d d i t i o n a p p e a r s t o s u p p r e s s t h e e f f e c t o f 
e a s i l y i o n i s a b l e elements on a n a l y t e e m i s s i o n s . 
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ADDITION OF HYDROGEN AS AN AID I N SLURRY NEBULISATION 
INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY 
4.1 INTRODUCTION 
The a d d i t i o n o f h y d r o g e n v i a t h e i n j e c t o r gas o f f e r s t h e 
g r e a t e s t p o t e n t i a l f o r m o d i f i c a t i o n o f t h e t h e r m o c h e m i c a l 
p r o p e r t i e s o f t h e i n d u c t i v e l y c o u p l e d plasma, A number o f 
a u t h o r s have r e p o r t e d i m p r o v e d d e t e c t i o n l i m i t s , i n c r e a s e d 
plasma t e m p e r a t u r e s and e l e c t r o n d e n s i t i e s (34-41) upon 
a d d i t i o n o f hydrogen. 
F i r e b r i c k (ECRM 7 7 6 - 1 ) was u s e d as a m o d e l r e f r a c t o r y 
m a t e r i a l t o a s s e s s t h e b e n e f i t s o f h y d r o g e n a d d i t i o n f o r 
s l u r r y n e b u l i s a t i o n ICP-AES u s i n g m u l t i - v a r i a t e o p t i m i s a t i o n 
t e c h n i q u e s . The r e s u l t a n t optima were i n v e s t i g a t e d i n some 
d e t a i l . 
A number o f e x p e r i m e n t s w ere p e r f o r m e d t o e s t i m a t e t h e 
a n a l y t e n e b u l i s a t i o n e f f i c i e n c i e s o f a number o f s l u r r i e s o f 
d i f f e r i n g p a r t i c l e s i z e d i s t r i b u t i o n r e l a t i v e t o a s i m p l e 
a q u e o u s s o l u t i o n . A c a s c a d e i m p a c t o r was u s e d t o 
q u a n t i t a t i v e l y sample t h e a e r o s o l l e a v i n g t h e i n j e c t o r t u b e 
o f t h e sample i n t r o d u c t i o n system. Cascade i m p a c t o r s have 
been used p r e v i o u s l y t o s t u d y t r a n s p o r t phenomena i n s l u r r y 
n e b u l i s a t i o n by Ebdon e t a l . (27) and B r o e k a e r t e t a l . ( 2 9 ) . 
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4.2 ADDITION OF HYDROGEN AS AN AID FOR SLURRY NEBULISATION 
INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY 
PRELIMINARY INVESTIGATION 
4.2.1 EXPERIMENTAL AND RESULTS 
F i r e b r i c k s l u r r i e s were p r e p a r e d by t h e b o t t l e and bead 
method ( 1 8 ) . A sample o f f i r e b r i c k (ECRM 7 7 6 - 1 , a p p r o x . 
l.OOOOg) was ground w i t h v i t r i f i e d z i r c o n i a beads (lOg) i n a 
30 cm-' c a p a c i t y " N a l g e n e " b o t t l e f o r 2 h r s u s i n g a 
d i s p e r s a n t o f aqueous so d i u m p y r o p h o s p h a t e (0.5 g dm""'). 
The r e s u l t a n t f i n e l y g r o u n d s l u r r i e s w e r e t r a n s f e r r e d 
q u a n t i t a t i v e l y t o a v o l u m e t r i c f l a s k (250.0 cm-') and made up 
t o t h e mark w i t h aqueous sodium pyrophosphate d i s p e r s a n t . 
P r e l i m i n a r y i n v e s t i g a t i o n o f t h e p o t e n t i a l b e n e f i t s o f 
h y d r o g e n a d d i t i o n f o r s l u r r y n e b u l i s a t i o n ICP-AES w e r e 
p e r f o r m e d u s i n g t h e plasma o p e r a t i n g c o n d i t i o n s shown i n 
T a b l e 4.1. The r a t i o o f t h e e m i s s i o n s i g n a l o f T i f r o m a 
s l u r r y w i t h r e s p e c t t o a s i m p l e a q u e o u s s o l u t i o n o f 
n o m i n a l l y t h e same T i c o n c e n t r a t i o n was used as t h e f i g u r e 
o f m e r i t , t h e r e s u l t s a r e shown i n T a b l e 4.2. T h i s c l e a r l y 
d e m o n s t r a t e s t h a t hydrogen i s a i d i n g p a r t i c l e d e c o m p o s i t i o n . 
U n f o r t u n a t e l y h i g h e r c o n c e n t r a t i o n s o f hydrogen r e s u l t e d i n 
plasma i n s t a b i l i t y and e x t i n c t i o n , even a t 15% v/v hydrogen 
i n A r, t h e plasma was o b v i o u s l y u n s t a b l e . 
A f u l l y q u a n t i t a t i v e a n a l y s i s f o r Fe, T i , A l , Ca and Mg was 
pe r f o r m e d a t 0% and 10% v/v hydrogen a d d i t i o n f o r f i r e b r i c k 
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TABLE 4.1: INDUCTIVELY COUPLED PLASMA OPERATING CONDITIONS FOR 
PRELIMINARY STUDIES 
Forward Power 
I n n e r Flow 
% H2 I n n e r Flow 
Outer Flow 
I n t e r m e d i a t e Flow 
= 1.4 kW 
= 1,3 dm*^  min"^ 
= 0-15% v/v 
= 24 dm"^  m i n"^ 
= 0,4 dm^ min"^ 
ANALYTE 
T i ( I I ) 
F E ( I I ) 
A 1 ( I ) 
C a ( I I ) 













G r e e n f i e l d T o r c h w i t h 3 mm I n j e c t o r 
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TABLE 4.2: PRELIMINARY INVESTIGATION OF EFFECT OF HYDROGEN 
ADDITION AS AN ATOMISATION AID FOR SLURRY 
NEBULISATION INDUCTIVELY COUPLED PLASMA ATOMIC 
EMISSION SPECTROMETRY 








NB: S l u r r y p r e p a r e d f r o m a F i r e b r i c k (ECRM 776-1) 
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s l u r r i e s , t h e a n a l y s i s was p e r f o r m e d i n q u i n t u p l i c a t e . The 
l a t t e r l e v e l o f h y d r o g e n a d d i t i o n was chosen on g r o u n d s o f 
plasma s t a b i l i t y . The r e s u l t s a r e shown i n T a b l e 4.3 and 
c l e a r l y d e m o n s t r a t e t h a t h y d r o g e n has some e f f e c t on t h e 
system and was w o r t h i n v e s t i g a t i n g i n some g r e a t e r d e t a i l . 
4.3 FURTHER INVESTIGATIONS OF HYDROGEN ADDITION AS AN AID 
FOR SLURRY NEBULISATION INDUCTIVELY COUPLED PLASMA 
ATOMIC EMISSION SPECTROMETRY 
4.3.1 INTRODUCTION 
As d e m o n s t r a t e d i n t h e p r e v i o u s s e c t i o n ( 4 . 2 . 1 ) , t h e 
a d d i t i o n o f h y d r o g e n t o t h e i n n e r g a s o f an a r g o n ICP 
a p p a r e n t l y a i d s p a r t i c l e d e c o m p o s i t i o n i n s l u r r y 
n e b u l i s a t i o n ICP-AES. I n common w i t h t h e work d e s c r i b e d 
e a r l i e r on n i t r o g e n a d d i t i o n , i t seems u n l i k e l y t h a t 
h y d r o g e n a d d i t i o n w o u l d o p e r a t e i n i s o l a t i o n f r o m o t h e r 
plasma parameters i n i m p r o v i n g a n a l y t i c a l a c c u r a c y . The use 
o f a m u l t i - v a r i a t e o p t i m i s a t i o n p r o c e d u r e (ea- S i m p l e x ) 
f o l l o w e d by u n i v a r i a t e s e a r c h e s a r o u n d t h e S i m p l e x d e r i v e d 
o p t i m a s h o u l d p r o v i d e a r e l a t i v e l y e f f i c i e n t means o f 
e s t a b l i s h i n g whether hydrogen a d d i t i o n i s b e n e f i c i a l and t h e 
i m p o r t a n c e o f o t h e r p l a s m a o p e r a t i n g p a r a m e t e r s f o r 
a n a l y t i c a l a c c u r a c y i n s l u r r y n e b u l i s a t i o n ICP-AES. 
4.3.2 EXPERIMENTAL AND RESULTS 
S l u r r i e s o f f i r e b r i c k (ECRM 7 7 6 - 1 ) w e r e p r e p a r e d a s 
d e s c r i b e d i n S e c t i o n 4.2.1. The c r i t e r i o n o f m e r i t f o r t h e 
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TABLE 4.3: EFFECT OF HYDROGEN ADDITION ON ANALYTICAL RECOVERY FROM A 
FIREBRICK (ECRM 776-1) SLURRY 
Sample I.D 
Fe 
% w/w Elem e n t a l Composition 











































U n c e r t a i n t i e s based on 2a^_^ (n = 5) 
Plasma O p e r a t i n g C o n d i t i o n s as p e r Table 4.1 
o p t i m i s a t i o n was t h e s i m p l e r a t i o between t h e n e t T i s i g n a l 
from t h e s l u r r y t o t h e s i g n a l from an aqueous s o l u t i o n o f 
n o m i n a l l y i d e n t i c a l T i c o n c e n t r a t i o n p r e p a r e d by d i l u t i o n o f 
a s t o c k s o l u t i o n . The s t o c k s o l u t i o n was p r e p a r e d by 
d i s s o l u t i o n o f T i sponge i n 50% v / v HjSO^. As d e s c r i b e d 
p r e v i o u s l y (Chapter 3 ) , t h e aqueous s o l u t i o n was overmatched 
w i t h a t w o - f o l d e x c e s s o f s o d i u m and a l u m i n i u m t o a v o i d 
a r t i f i c i a l l y h i g h r e s p o n s e s c a u s e d by m a t r i x enhancement 
fr o m e a s i l y i o n i s a b l e elements i n t h e s l u r r y . 
The o p t i m i s a t i o n was assumed t o be i n c a p a b l e o f f u r t h e r 
i m p r o v e m e n t s when t h e f i v e h i g h e s t r e s p o n s e s showed a 
r e l a t i v e s t a n d a r d d e v i a t i o n o f < 2%. The plasma p a r a m e t e r s 
w h i c h were o p t i m i s e d were; f o r w a r d power, i n n e r gas f l o w , 
v i e w i n g h e i g h t and h y d r o g e n c o n t e n t o f i n n e r g a s . The 
v e r t i c e s c o r r e s p o n d i n g t o t h e f i v e h i g h e s t r e s p o n s e s a r e 
shown i n T a b l e 4.4, t h e optimum c o n d i t i o n s b e i n g t a k e n as 
t h e mean o f t h e s e v e r t i c e s . 
The o p t i m a d e r i v e d f r o m t h e S i m p l e x p r o c e d u r e was 
i n v e s t i g a t e d i n d e t a i l by h o l d i n g t h r e e v a r i a b l e s c o n s t a n t 
w h i l s t i n c r e m e n t a l l y v a r y i n g t h e f o u r t h . These u n i v a r i a t e 
s e a r c h e s a r e shown i n F i g s . 4-1-4. The mean, u p p e r and 
l o w e r v a l u e s o f t h e f i v e h i g h e s t responses a r e a l s o shown on 
t h e s e g r a p h s . 
4.3.3 DISCUSSION 
The r e s u l t s o f t h e o p t i m i s a t i o n f o r a n a l y t i c a l r e c o v e r y o f 
T i f r o m a f i r e b r i c k (ECRM 7 7 6 - 1 ) s l u r r y w e r e s l i g h t l y 
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Fig. 4.1 HYDROGEN CONTENT vs. ANALYTICAL RECOVERY 
FOR A FIREBRICK(ECRM 776-1) SLURRY 
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Fig. 4.2 INNER GAS FLOW vs. ANALYTICAL RECOVERY 
FOR A FIREBRICK(ECRM 776-1) SLURRY 
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Fig. 4.3 Titanium Recovery vs Viewing Height 
for 0 Firebrick(ECRM 776-1) 
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Fig 4.4 TITANIUM RECOVERY vs. FORWARD POWER 
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TABLE 4.4: OPTIMUM CONDITION DERIVED VIA SIMPLEX PROCEDURE FOR 
RECOVERY OF T i FROM A FIREBRICK SLURRY 
Power/kW I n n e r Gas Flow/ 
dm-' m i n " ^ 





















1.6 1.1 19 6.08 
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s u r p r i s i n g . I n common w i t h t h e r e s u l t s o f t h e p r e v i o u s 
o p t i m i s a t i o n f o r n i t r o g e n a d d i t i o n , a n a l y t i c a l r e c o v e r y 
seems i n d e p e n d e n t o f f o r w a r d power, i n t u i t i v e l y i t w o u l d 
seem l i k e l y t h a t h i g h p o w e r l e v e l s w o u l d p r o m o t e 
d e c o m p o s i t i o n o f r e f r a c t o r y s l u r r y p a r t i c l e s b u t t h i s does 
n o t appear t o be t h e case. 
I n n e r gas f l o w d i d n o t appear t o be an i m p o r t a n t f a c t o r i n 
d e t e r m i n i n g a n a l y t i c a l a c c u r a c y w h i l s t t h e optimum v i e w i n g 
h e i g h t c o r r e s p o n d e d t o n o r m a l v i e w i n g h e i g h t s f o r i o n i c 
e m i s s i o n l i n e s i n a G r e e n f i e l d t o r c h o p e r a t e d u n d e r t h e s e 
c o n d i t i o n s ( c a . 15-25 mm a l e ) . These r e s u l t s a r e n o t what 
m i g h t be e x p e c t e d f r o m r e p o r t s i n t h e l i t e r a t u r e , where a 
n u m b e r o f a u t h o r s ( e . g . 2 7 , 2 4 ) h a v e o b s e r v e d t h a t 
i m p r o v e m e n t s i n a c c u r a c y w i t h s l u r r y n e b u l i s a t i o n can be 
o b t a i n e d by t h e use o f v e r y low i n j e c t o r gas f l o w s and h i g h 
o b s e r v a t i o n h e i g h t s , t h e s e improvements b e i n g a t t r i b u t e d t o 
i n c r e a s e d plasma r e s i d e n c e t i m e s . 
T h i s does n o t i m p l y t h a t r e s i d e n c e t i m e has p l a y e d no r o l e 
i n s e l e c t i n g o p e r a t i n g c o n d i t i o n s whereby t h e a n a l y t i c a l 
a c c u r a c y o f t h e system i s maximised, b u t t h a t t h e r e s i d e n c e 
t i m e w i t h i n t h e n o r m a l a n a l y t i c a l zone i s p r o b a b l y s m a l l 
when compared w i t h t o t a l plasma r e s i d e n c e . V a r i o u s models 
f o r gas f l o w p a t t e r n s and v e l o c i t i e s i n d i c a t e t h a t t h e r e i s 
c o n s i d e r a b l e r e c i r c u l a t i o n o f gas, and presumably e n t r a i n e d 
a n a l y t e m a t e r i a l , i n t h e r e g i o n o f t h e ' f i r e b a l l * o f t h e ICP 
( 7 3 ) . Thus r e s i d e n c e t i m e s i n t h e plasma a r e d e t e r m i n e d by 
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the e x t e n t of the r e c i r c u l a t i o n i n the a n n u l a r r e g i o n and 
would t h e r e f o r e be r e l a t i v e l y independent of o b s e r v a t i o n 
h e i g h t . 
The v a r i a t i o n of t i t a n i u m recovery with r e s p e c t to hydrogen 
a d d i t i o n ( F i g . 4.1) i s the parameter of g r e a t e s t importance 
but a p p e a r s t o show o n l y m a r g i n a l a d v a n t a g e s i n terms of 
improved r e c o v e r y of a n a l y t e s . The t r u e e f f e c t i v e n e s s of 
hydrogen a d d i t i o n can be f u l l y a p p r e c i a t e d by comparison of 
the raw s i g n a l s from s o l u t i o n and s l u r r y ( F i g 4.5). 
1. The T i s i g n a l from t h e s o l u t i o n was enhanced by t h e 
a d d i t i o n of up to 2% v/v of hydrogen. 
2. I n t h e r a n g e o f 2-6% v / v h y d r o g e n , no a d d i t i o n a l 
enhancement was observed f o r the T i s i g n a l from aqueous 
s o l u t i o n . 
3. The enhancement of t h e T i s i g n a l from a f i r e b r i c k 
s l u r r y i s continuous up t o 5% v/v of hydrogen, ie. no 
p l a t e a u r e g i o n was observed. T h i s was i n t e r p r e t e d i n 
terms of i n c r e a s e d v a p o r i s a t i o n of the s l u r r y l e a d i n g 
to an i n c r e a s e d a n a l y t e population. 
4. At h i g h e r h y d r o g e n c o n c e n t r a t i o n s ( i e . . 6-10% v / v 
Hydrogen) , the r a t e of s u p p r e s s i o n of the T i s i g n a l 
from t h e s l u r r y i s v e r y much l e s s t h an t h a t f o r t h e 
s o l u t i o n , suggesting t h a t hydrogen was s t i l l promoting 
p a r t i c l e decomposition. 
T h i s b e h a v i o u r would be r e a d i l y amenable t o a s i m p l e 
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Fig. 4.5 NET TITANIUM SIGNALS vs % HYDROGEN 













e x p l a n a t i o n i n terms of a ba l a n c e between i n c r e a s e d energy 
t r a n s f e r t o the annulus, o f f s e t by s p e c i f i c heat c a p a c i t y , 
i f the sharp d i s c o n t i n u i t y a t approximately 6% v/v hydrogen 
was not such a f e a t u r e of t h i s system. 
T h i s was f u r t h e r i n v e s t i g a t e d by d e t e r m i n a t i o n of plasma 
temperatures. 
4.4 DETERMINATION OF PLASMA TEMPERATURE 
4.4.1 INTRODUCTION 
Measurements of plasma t e m p e r a t u r e a r e a u s e f u l means of 
e l u c i d a t i n g mechanisms i n the ICP but a r e e x p e r i m e n t a l l y 
f r a u g h t w i t h problems, the most d i f f i c u l t being due t o the 
s p a t i a l inhomogeneity of the system. The c o n d i t i o n s i n the 
c e n t r a l c h a n n e l a r e of prime importance a n a l y t i c a l l y but 
o n l y an a v e r a g e v a l u e a c r o s s t h e whole d i a m e t e r o f t h e 
p l a s m a c a n be d e t e r m i n e d . By making many t e m p e r a t u r e 
e s t i m a t i o n s , a t d i f f e r e n t p o s i t i o n s , e a c h l a t e r a l l y 
t r a n s l a t e d f r o m t h e p r e v i o u s one and u s i n g v a r i o u s 
mathematical transformations (e.g. Abel I n v e r s i o n ) , the data 
can be converted i n t o r a d i a l l y r e s o l v e d measurements (e.g. 
7 4 ) . U n f o r t u n a t e l y t h e a v a i l a b l e s p e c t r o m e t e r s were not 
capable of these types of measurements. 
A l t e r n a t i v e l y , u s i n g a thermometric s p e c i e s contained mainly 
i n the c e n t r a l channel, the major c o n t r i b u t i o n to any s i g n a l 
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a r i s e s f r o m w i t h i n t h e a n n u l u s and t h e r e f o r e m i n o r 
c o n t r i b u t i o n s from other s o u r c e s a r e g r e a t l y reduced. For 
t h e s e r e a s o n s , only two parameters can be determined w i t h 
confidence, the e x c i t a t i o n temperature (T^j^^) and r o t a t i o n a l 
t e m p e r a t u r e ( T ^ ^ ^ ) where t h e t h e r m o m e t r i c s p e c i e s a r e 
c o n t a i n e d i n the c e n t r a l channel and o f f - a x i s e m i s s i o n i s 
minimised. 
The temperature determinations were performed u s i n g r e l a t i v e 
l i n e i n t e n s i t i e s , t h i s has the advantage of not r e q u i r i n g 
knowledge of t h e c o n c e n t r a t i o n of e m i t t i n g s p e c i e s nor 
r e q u i r i n g measurement of a b s o l u t e l i n e i n t e n s i t i e s . The 
e x c i t a t i o n temperature was determined by the Boltzmann p l o t 
method. I f the i n t e n s i t y of emission i s given by: 
I = (hc/4jrX) g A (n/Q) exp (-E/kT^^^^) 
rearrangement of t h i s formula g i v e s : 
I n (IN/gA) = I n (n hc/47rQ) - E/kT exc 
where I = I n t e n s i t y of emission 
X = Wavelength of emission/m 
g = S t a t i s t i c a l weight of upper l e v e l 
n = c o n c e n t r a t i o n of e m i t t i n g s p e c i e s 
Q = p a r t i t i o n f u n c t i o n 
E = Energy of upper s t a t e 
T = e x c i t a t i o n temperature/eV 
A = t r a n s i t i o n p r o b a b i l i t y 
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A p l o t of l o g ( I V g A ) v s . E should be l i n e a r w i t h a s l o p e 
equal t o - 5040/T when E i s i n e l e c t r o n v o l t s or - 0.625/T 
when E i s i n wave numbers (cm"^) ( 7 5 ) . 
T h i s method r e q u i r e s a c c u r a t e v a l u e s f o r A, and l a r g e energy 
r a n g e and e m i s s i o n l i n e s l o c a t e d a t c l o s e l y s p a c e d 
wavelengths t o a v o i d having t o c a l i b r a t e the monochromator 
f o r l i g h t throughput. F o r e x c i t a t i o n t e m p e r a t u r e s , t h i s 
p r a c t i c a l l y l i m i t s t h e c h o i c e of i n j e c t e d s p e c i e s w i t h 
n e u t r a l i r o n being the most popular c h o i c e . 
R o t a t i o n a l temperatures have been determined i n an analogous 
f a s h i o n u s i n g the v i b r a t i o n a l r o t a t i o n e m i s s i o n s p e c t r a of 
v a r i o u s molecular s p e c i e s e.g. OH, N2+. For the OH system, 
i f t h e i n d i v i d u a l t r a n s i t i o n s a r e assumed t o obey t h e 
Boltzmann d i s t r i b u t i o n , then an analogous procedure t o the 
d e t e r m i n a t i o n o f e x c i t a t i o n t e m p e r a t u r e a H o w s t h e 
e s t i m a t i o n of r o t a t i o n a l temperatures ( 7 6 ) . 
4.4.2 EXPERIMENTAL AND RESULTS 
The r o t a t i o n a l temperature was estimated u s i n g the branch 
of the OH (0-0) band a t the Simplex optimised c o n d i t i o n s f o r 
maximum r e c o v e r y of T i from a f i r e b r i c k s l u r r y ( S e c t i o n 
4 . 3 ) , and a t v a r i o u s hydrogen c o n c e n t r a t i o n s around t h a t 
optimum. The spectrum of the OH band was scanned between 
307.50 nm and 310.00 nm, s p e c t r a l a s s i g n m e n t s were made 
a c c o r d i n g t o D i e k e and C r o s s w h i t e ( 7 6 ) , t r a n s i t i o n 
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p r o b a b i l i t i e s , wavelength and e n e r g i e s were a l s o o b t a i n e d 
from t h i s r e f e r e n c e and are shown i n Table 4-5. 
The e x c i t a t i o n temperature was determined u s i n g the F e ( I ) 
e m i s s i o n l i n e s , t r a n s i t i o n p r o b a b i l i t i e s , e n e r g i e s and 
s t a t i s t i c a l weights i n Table 4.6 from Bridges and K o r n b l i t h 
( 7 7 ) . The t h e r m o m e t r i c s p e c i e s w e r e i n t r o d u c e d by 
n e b u l i s a t i o n of aqueous s o l u t i o n s 
4.4.3 DISCUSSION 
The r o t a t i o n a l temperature i s c l o s e l y i d e n t i f i e d w i t h the 
t r a n s l a t i o n a l / k i n e t i c t e m p e r a t u r e o f t h e p l a s m a and 
t h e r e f o r e i s i n d i c a t i v e of the thermal environment of the 
v a p o r i s i n g s l u r r y p a r t i c l e . The t r e n d s i n r o t a t i o n a l 
temperature upon a d d i t i o n of hydrogen ( F i g . 4.6) completely 
e x p l a i n s the behaviour of the T i e m i s s i o n s i g n a l from the 
f i r e b r i c k s l u r r y ( F i g . 4.5) and a l s o p o t e n t i a l l y r e v e a l s 
information about the mechanism of v a p o r i s a t i o n . 
The g e n e r a l enhancement/suppression of s o l u t i o n s i g n a l s seen 
i n F i g . 4.5 might be e x p l a i n a b l e i n terms of e x c i t a t i o n 
t e m p e r a t u r e s . T h i s would s u g g e s t t h a t T^^^^^j s h o u l d 
i n c r e a s e up t o a p p r o x i m a t e l y 2-3% hydrogen f o l l o w e d by a 
constant, although e l e v a t e d temperature up t o 5-6% hydrogen 
f o l l o w e d by a s t e a d y f a l l t o a l o w e r t h a n i n i t i a l 
t e m p e r a t u r e a t 10% a d d i t i o n . E x p e r i m e n t a l l y no such 
t r e n d was o b s e r v e d ( T a b l e 4 . 7 ) , t h i s c a n p e r h a p s be 
e x p l a i n e d as f o l l o w s . Using a mean temperature of 7400k, 
the r e q u i r e d changes i n e x c i t a t i o n temperature t o account 
-109 









TABLE 4.5: ASSIGNMENT, WAVELENGTHS, ENERGIES AND TRANSITION 
PROBABILITIES FOR THE Q^^ BRANCH OF THE OH (0-0) BAND 
K Vnm E/cm"^ 10"^ A/s"^ 
2 307.995 32543 17.0 
4 308.328 32779 33.7 
5 308.520 32948 42.2 
6 308.734 33150 50.6 
8 309.239 33652 67.5 
9 309.534 33952 75.8 
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TABLE 4.6: WAVELENGTHS, ENERGIES AND TRANSITION PROBABLITIES OF 
F e d ) EMISSION LINES USED FOR DETERMINATION OF 
EXCITATION TEMPERATURE 





































NB: Accuracy a = + 10% 
b = ± 15% 
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TABLE 4.7: DETERMINATION OF F e ( I ) EXCITATION TEMPERATURES 
WITH RESPECT TO HYDROGEN ADDITION 







TABLE 4.8 : EXCITATION TEMPERATURES REQUIRED TO ACCOUNT FOR 
OBSERVED BEHAVIOUR OF T i EMISSION 
% H2 I n t e n s i t y '^(BXC)^^ 
0 1.00 7400 
2 1.17 7600 
10 0.77 7200 
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f o r the observed behaviour of the ( T i ( I I ) 323.9 nm l i n e can 
be e s t i m a t e d ( T a b l e 4 . 8 ) . The c h a n g e s i n e x c i t a t i o n 
temperature which are r e q u i r e d to account f o r the v a r i a t i o n 
i n e m i s s i o n s i g n a l a r e t h e r e f o r e l e s s t h a n t h e l i k e l y 
u n c e r t a i n t y i n the experimental determination of e x c i t a t i o n 
temperature. 
The e f f e c t s of hydrogen i n the ICP, d e r i v e d e i t h e r from the 
decomposition of water or as a d e l i b e r a t e a d d i t i o n has been 
i n v e s t i g a t e d i n some d e t a i l and appears to p l a y a p i v o t a l 
r o l e i n energy t r a n s f e r from the t o r u s of t h e I C P t o t h e 
c e n t r a l , a n n u l a r r e g i o n ( 3 7 , 4 1 ) . The t hermodynamic 
p r o p e r t i e s of hydrogen r e v e a l the reasons f o r t h i s primacy, 
p a r t i c u l a r l y i n t e r m s o f h e a t c a p a c i t y and t h e r m a l 
c o n d u c t i v i t y . 
R e l a t i v e l y s m a l l c o n c e n t r a t i o n s of hydrogen c o u l d p l a y a 
s i g n i f i c a n t r o l e i n the energy t r a n s f e r of the ICP. T h i s 
has allowed the development of a conceptual model to account 
f o r the observed r o t a t i o n a l temperature t r e n d s ( F i g . 4.6). 
The observed behaviour would seem t o be i n d i c a t i v e of two 
( a t l e a s t ) competing mechanisms. I f a simple heat t r a n s f e r 
mechanism i s assumed, then the ICP can be v i s u a l i s e d a s a 
hot, c y l i n d r i c a l tube (the t o r u s ) through which flows a gas, 
the q u e s t i o n t h e r e f o r e i s , what determines the temperature 
of the gas as i t l e a v e s the tube? 
i . The t o t a l energy t r a n s f e r w i l l be determined by the 
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thermal c o n d u c t i v i t y of the gas, the geometric c o n t a c t 
a r e a of t h a t gas w i t h the tube and the r e s i d e n c e time 
w i t h i n the tube. Atomic and m o l e c u l a r hydrogen has a 
h i g h t h e r m a l c o n d u c t i v i t y when compared to Ar. The 
thermal c o n d u c t i v i t y of the gas i n the c e n t r a l channel 
w i l l t h e r e f o r e be l a r g e l y dependent upon the hydrogen 
content of t h a t gas. 
i i . The molar s p e c i f i c heat c a p a c i t y of molecular hydrogen 
i s s i g n i f i c a n t l y g r e a t e r than argon and t h e r e f o r e a c t s 
t o counter the i n c r e a s e d thermal c o n d u c t i v i t y of the 
i n n e r gas w h i l s t atomic hydrogen has an i d e n t i c a l heat 
c a p a c i t y to argon i f i d e a l gas behaviour i s assumed. 
The s p e c i f i c heat c a p a c i t y of argon and monoatomic hydrogen 
ar e independent of temperature i f e l e c t r o n i c e x c i t e d s t a t e s 
a r e i g n o r e d w h i l s t t h a t o f m o l e c u l a r h y d r o g e n i s 
temperature dependent. The thermal c o n d u c t i v i t i e s of both 
forms of hydrogen show a s t r o n g t e m p e r a t u r e dependence 
w h i l s t Ar i s l e s s dependent upon temperature. 
T h e r e f o r e , t o make s e n s i b l e p r e d i c t i o n s o f h e a t t r a n s f e r 
i n c r e a s e s due t o the presence of a d d i t i o n a l hydrogen i t i s 
important to i d e n t i f y the form of the hydrogen, i . e . whether 
atomic or molecular. Using the procedure o u t l i n e d i n Chap-
t e r 5, i t i s p o s s i b l e t o e s t i m a t e the temperature a t which 
hydrogen gas w i l l d i s s o c i a t e i n t o atomic hydrogen. 
HjCg) = 2H(gj AG = 0 k J mol"^ a t T = 4420 K 
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w h i l s t i t i s a l s o p o s s i b l e t o c a l c u l a t e the temperature a t 
which water w i l l d i s s o c i a t e i n t o atomic hydrogen and oxygen. 
"2*^(g) " ^"(g) ^ ( g) ^  G = 0 k J mol"^ a t T = 2190 K 
I n p r a c t i c e t h e f i r s t d i s s o c i a t i o n s t e p would p r o b a b l y 
i n v o l v e 
H20(g) = ^ H2(g) + OHjgj 
Thermodynamic data (78) was not a v a i l a b l e f o r OH and i t was 
not p o s s i b l e t o e s t i m a t e t h e decomposition temperature of 
water. 
The s i g n i f i c a n c e o f t h e l e v e l s o f hydrogen c a n be 
a s s e s s e d v i a . a s i m p l e c a l c u l a t i o n . L e t us assume a 
c a r r i e r gas flow r a t e of 1 dm^ min"^ Ar, a n e b u l i s e r uptake 
r a t e of 1 dm^ min"^ (= 1 g min"^) and a t r a n s p o r t e f f i c i e n c y 
of 1%. T h i s y i e l d s , assuming i d e a l behaviour, approximately 
45 mmol of argon and 0.56 mmol of water vapour which upon 
complete d i s s o c i a t i o n y i e l d s 1.12 mmol of atomic hydrogen. 
I f a 5% v/v hydrogen i n Ar mixture i s introduced i n t o the 
c e n t r a l gas, t h i s corresponds to an i n c r e a s e of 4.04 mmol 
of atomic hydrogen or a 347% i n c r e a s e . From Tang and T r a s s y 
( 3 7 ) , water d i s s o c i a t i o n r e q u i r e s approximately 900 k J mol" 
^, which corresponds to 0.5 k J i n t h i s simple model, w h i l s t 
the 45 mmoles of Ar r e q u i r e s 4.4 k J to r a i s e i t s temperature 
f r o m 298 K t o 5000 K, h y d r o g e n d i s s o c i a t i o n 
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r e q u i r e s 436 k J mol"^ o r 1.76 k J f o r t h e 5% h y d r o g e n 
mixture. T h i s equates to an e x t r a 36% energy input i n t o the 
c e n t r a l channel t o d i s s o c i a t e the molecular hydrogen f u l l y . 
The higher heat c a p a c i t y of molecular hydrogen a l s o imposes 
an a d d i t i o n a l l o a d upon t h e ene r g y r e q u i r e m e n t s o f t h e 
plasma. 
Thermal c o n d u c t i v i t y , heat c a p a c i t y and e q u i l i b r i u m data a r e 
r e q u i r e d , a t plasma t e m p e r a t u r e s , t o e n a b l e a c o h e r e n t 
i n t e r p r e t a t i o n of the experimental o b s e r v a t i o n s . 
T h e r m a l c o n d u c t i v i t y and h e a t c a p a c i t i e s a r e r e a d i l y 
c a l c u l a t e d from s t a t i s t i c a l thermodynamics i f i d e a l gas 
behaviour i s assumed. 
4.4.3.1 CALCULATION OF SPECIFIC HEAT CAPACITIES 
F o r a m o n a t o m i c g a s , t h e r e i s o n l y a t r a n s l a t i o n a l 
c o n t r i b u t i o n to the i n t e r n a l energy of the system. As very 
many t r a n s l a t i o n a l l e v e l s a r e occupied, t h e system can be 
r e g a r d e d a s e s s e n t i a l l y u n q u a n t i s e d and t h e r e f o r e 
Cy = 3/2 R = 12.47 J K"^ mol"^. S i m i l a r l y f o r polyatomic 
s p e c i e s , r o t a t i o n a l c o n t r i b u t i o n s a r e g e n e r a l l y assumed to 
approximate t o R as a t normal temperatures many r o t a t i o n a l 
l e v e l s a r e p o p u l a t e d and the e q u i p a r t i o n p r i n c i p l e i s i n 
operation, t h e r e f o r e C^ = 5/2 R = 20.79 JK~^ mol~^. 
M o l e c u l a r v i b r a t i o n s c o n t r i b u t e t o t h e h e a t c a p a c i t y but 
o n l y a t t e m p e r a t u r e s h i g h enough t o p o p u l a t e t h e h i g h e r 
v i b r a t i o n a l s t a t e s . E a c h n o r m a l mode o f v i b r a t i o n 
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c o n t r i b u t e s p o t e n t i a l l y R to the molar heat c a p a c i t y . Non-
l i n e a r p o l y a t o m i c s p o s s e s s 3N-6 modes of v i b r a t i o n w h i l s t 
l i n e a r p o l y a t o m i c s p o s s e s s 3N-5 modes. Consequently, t h e 
v i b r a t i o n a l c o n t r i b u t i o n i s p o t e n t i a l l y R f o r m o l e c u l a r 
hydrogen. The maximum v a l u e f o r C^ f o r m o l e c u l a r hydrogen 
i s t h e r e f o r e 7/2 R = 29.1 J mol"^ K"^, t h i s assumes t h a t 
e l e c t r o n i c e n e r g y l e v e l s above t h e g r o u n d s t a t e a r e 
i n a c c e s s i b l e . 
However, u n l e s s the atoms i n the d i a t o m i c s p e c i e s a r e mas-
s i v e o r t h e bond weak, t h e v i b r a t i o n a l l e v e l s a r e n o t 
e q u a l l y p o p u l a t e d and e q u i p a r t i o n does n o t a p p l y . The 
c r i t e r i o n f o r e q u i p a r t i o n i s kT >> -fi-ux, where-fi = h/27r and 
"OS = {F/fx)^; F = f o r c e c o n s t a n t of bond, ^ = reduced mass. 
I f the v i b r a t i o n a l frequency (u) of hydrogen i s known, i t i s 
easy to c a l c u l a t e from O J = 2irzr, For hydrogen, ir = 4395.2 
cm"^; t h e r e f o r e = 8.28 x 10^^ S"^ and tiT>r= 8.732 x 10"^^ 
J . V a l u e s f o r kT a t 1000 K, 2000 K, 3000 K and 4000 K a r e 
1.38 X 10"20 J , 2.76 X 10"20 J , 4.14 X 10"^° J and 5.52 x 
10"^^ J . O b v i o u s l y e q u i p a r t i o n does not a p p l y f o r t h e 
r o t a t i o n c o n t r i b u t i o n t o C^ f o r m o l e c u l a r hydrogen. I t i s 
p o s s i b l e t o s o l v e e x a c t l y f o r the v i b r a t i o n a l c o n t r i b u t i o n 
to C^. 
C^ = R [(lito/kT) exp (-kfi-o^yiT) / l-exp(-^-OT/kT) ] 2 
T h i s e q u a t i o n was used t o c a l c u l a t e t h e v i b r a t i o n a l h e a t 
c a p a c i t y of molecular hydrogen as a f u n c t i o n of temperature 
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and I S shown i n F i g u r e 4.7 from 300 k t o 5000 k. 
The r e l a t i o n s h i p between C^ and Cp, - the h e a t c a p a c i t y a t 
c o n s t a n t p r e s s u r e i s Cp = C^ + R f o r an i d e a l g a s . T h i s 
r e l a t i o n s h i p w i l l be assumed. 
4.4.3.2 CALCULATION OF THE THERMAL CONDUCTIVITY OF GASES 
The thermal c o n d u c t i v i t y (O) i s a k i n e t i c property of a gas 
and can be estimated from 
^ = 1/3 (c C^) / ( 2 a L ) 1/2 
where c = mean speed m s ~ ^ 
C^ = molar heat c a p a c i t y a t constant volume J mol"^ K"-^  
a = c o l l i s i o n a l c r o s s s e c t i o n m-^  = nd^ 
L = Avogadro's number 
The mean speed i s given by c = (8 kT/jrm) ^  
where T = Temperature K 
m = mass kg 
The thermal c o n d u c t i v i t y of a gas t h e r e f o r e depends upon the 
s i z e and mass o f t h e g a s m o l e c u l e , upon C^ a n d t h e 
t e m p e r a t u r e . I t c a n be s e e n t h a t t h e c o n d u c t i v i t y 
changes more r a p i d l y f o r a l i g h t gas t h a n f o r a heavy. 
The t h e r m a l c o n d u c t i v i t y c a n t h e r e f o r e be r e a d i l y 
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Fig. 4.7 VIBRATIONAL CONTRIBUTION HEAT CAPACITY AT 
CONSTANT VOLUME FOR MOLECULAR HYDROGEN 
VIBRATIONAL C(v) / J K mol 
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c a l c u l a t e d . F o r a t o m i c h y d r o g e n and a r g o n , = 3/2 R 
w h i l s t f o r m o l e c u l a r h y d r o g e n , = 5/2 R + ^C^, where ^C^ 
i s t h e v i b r a t i o n a l c o n t r i b u t i o n t o t h e h e a t c a p a c i t y . The 
c o l l i s i o n a l c r o s s s e c t i o n a i s 1.5 x 10"^^ m^, 3.75 x 10"^^ 
m^ and 2.6 x l O " ^ ^ m^ f o r , H, A r r e s p e c t i v e l y . The 
t h e r m a l c o n d u c t i v i t y f o r H and A r a r e shown i n F i g s . 
4 . 8 - 9 . F o r a t e m p e r a t u r e o f 5 0 0 0 K, t h e t h e r m a l 
c o n d u c t i v i t y o f a 5% i n A r gas i s a p p r o x i m a t e l y t w i c e 
t h a t o f a d r y a l l argon plasma. 
T h e r e f o r e i t i s ap p a r e n t t h a t t h e dominant s p e c i e s f o r h e a t 
t r a n s f e r i s h y d r o g e n , even t a k i n g i n t o a c c o u n t t h e h i g h e r 
s p e c i f i c h e a t c a p a c i t y o f m o l e c u l a r h y d r o g e n compared t o 
a t o m i c h y d r o g e n o r a r g o n a n d t h e r e q u i r e m e n t s f o r 
d i s s o c i a t i o n o f t h e m o l e c u l a r s p e c i e s , t h e v e r y l a r g e 
i n c r e a s e s i n t h e r m a l c o n d u c t i v i t y s h o u l d p r o v i d e an e n e r g y 
" p r o f i t " . 
4.4.3.3 POSSIBLE MECHANISMS FOR INCREASED ENERGY TRANSFER 
There a r e two mechanisms which l i m i t t h e energy t r a n s f e r due 
t o t h e i n c r e a s e d t h e r m a l c o n d u c t i v i t y o f t h e plasma gas upon 
a d d i t i o n o f hydrogen. R e t u r n i n g t o t h e c o n c e p t u a l model o f 
t h e ICP as a h o t t u b e ; t h e h e a t t r a n s f e r v i a c o n d u c t i o n 
depends upon t h e r e s i d e n c e t i m e i n t h e t u b e and t h e c o n t a c t 
a r e a . 
The r e s i d e n c e t i m e o f a gas i n t h e s i m p l e h o t t u b e i s a 
f u n c t i o n o f i n i t i a l gas f l o w , t e m p e r a t u r e and t h e p h y s i c a l 
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dimensions o f t h e t u b e . Assuming a geometry o f l e n g t h = 30 
mm and d i a m e t e r 6 mm, f o r a gas f l o w o f 1 dm-^  min"^, a t room 
t e m p e r a t u r e t h i s e q u a t e s t o a v e l o c i t y o f 59 cm s"^ and a 
r e s i d e n c e t i m e o f 0.051 s~^, however w i t h a t e m p e r a t u r e o f 
5000 k, t h e gas v e l o c i t y w i l l have i n c r e a s e d t o 990 cm s"^ 
w i t h a d e c r e a s e i n r e s i d e n c e t i m e t o 0.003 s. Any r i s e i n 
t e m p e r a t u r e due t o i n c r e a s e d t h e r m a l c o n d u c t i v i t y w i l l 
t h e r e f o r e a c t t o d e c r e a s e t h e r e s i d e n c e t i m e and t h e r e f o r e 
l i m i t t h e e f f e c t o f i n c r e a s e d t h e r m a l c o n d u c t i v i t y . 
The i n c r e a s e d energy t r a n s f e r w i l l t e n d t o l o c a l l y c o o l t h e 
h o t s u r f a c e o f t h e t u b e , e x t e n d i n g t h i s t o t h e ICP t o r u s , 
t h i s l o c a l c o o l i n g w i l l m a n i f e s t i t s e l f as a d r o p i n t h e 
degree o f i o n i s a t i o n and c o n d u c t i v i t y o f t h e plasma s u r f a c e . 
To m a i n t a i n t h e s k i n c o n d u c t i v i t y , t h e plasma w i l l c o n t r a c t 
r e s t o r i n g t h e ch a r g e c a r r i e r d e n s i t y i n t h e s u r f a c e s k i n . 
The e l e c t r o n d e n s i t y i n t h e b u l k o f t h e t o r u s w i l l i n c r e a s e 
as t h e v o l u m e o f t h e p l a s m a d i m i n i s h e s . T h i s i s i n 
agreement w i t h t h e e x p e r i m e n t a l o b s e r v a t i o n s o f "wet" and 
d r y p l a s m a ( 3 4 - 4 0 ) . T h i s c o n t r a c t i o n o f t h e p l a s m a i s 
c l e a r l y v i s i b l e t o t h e human eye. The consequence o f t h i s 
c o n t r a c t i o n i s two f o l d . F i r s t l y , t h e g e o m e t r i c c o n t a c t 
a r e a d e c r e a s e s , s e c o n d l y , t h e r e s i d e n c e t i m e i s f u r t h e r 
d e c r e a s e d as gas v e l o c i t i e s a r e i n c r e a s e d by t h e s m a l l e r 
c h a n n e l d i a m e t e r . As t h e r e s i d e n c e t i m e i s p r o p o r t i o n a l t o 
r ^ , ( r = r a d i u s o f c h a n n e l ) , t h e e f f e c t o f t h e c o n t r a c t i o n 
i n t h e p l a s m a i s a m a j o r f a c t o r i n d e t e r m i n i n g h e a t 
t r a n s f e r . 
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4.5 TRANSPORT E F F I C I E N C I E S AND PARTICLE S I Z E EFFECTS I N 
SLURRY NEBULISATION INDUCTIVELY COUPLED PLASMA 
SPECTROMETRY 
4.5.1 INTRODUCTION 
The use o f s i m p l e aqueous s t a n d a r d s t o o b t a i n c a l i b r a t i o n i n 
s l u r r y n e b u l i s a t i o n i n d u c t i v e l y c o u p l e d plasma s p e c t r o m e t r y 
r e l i e s upon t h e a n a l y t e t r a n s p o r t e f f i c i e n c i e s o f s o l u t i o n 
a n d S l u r r y b e i n g i d e n t i c a l - I f r e l a t i v e a n a l y t e 
e f f i c i e n c i e s c a n be e s t i m a t e d t h e n t h e p r o c e s s e s o f 
t r a n s p o r t and a t o m i s a t i o n o f s l u r r i e s can be d e c o n v o l u t e d . 
The use o f a cascade i m p a c t o r t o q u a n t i t a t i v e l y sample t h e 
a e r o s o l e x i t i n g t h e i n j e c t o r t u b e a l l o w s t h e e s t i m a t i o n o f 
a n a l y t e t r a n s p o r t e f f i c i e n c y r a t h e r t h a n t o t a l a e r o s o l f l u x . 
S e g r e g a t i o n e f f e c t s i n s l u r r i e s o f m i n e r a l o r e s w e r e 
e x a m i n e d u s i n g a c a s c a d e i m p a c t o r b y Ebdon e t a l . ( 2 7 ) 
w h i l s t B r o e k a e r t e t a l . (29) were l e s s t h a n s u c c e s s f u l i n 
t h e use o f cascade i m p a c t o r s i n t h e i r s t u d y o f t r a n s p o r t 
phenomena i n s l u r r y n e b u l i s a t i o n ICP-AES. Cascade i m p a c t o r s 
h a v e f o u n d some use w i t h i n t h e g e n e r a l f i e l d o f a t o m i c 
s p e c t r o m e t r y ( 7 9 - 8 4 ) f o r t h e i n v e s t i g a t i o n o f s a m p l e 
i n t r o d u c t i o n phenomena. 
4.5.2 EXPERIMENTAL AND RESULTS 
A ca s c a d e i m p a c t o r was used t o q u a n t i t a t i v e l y sample t h e 
a e r o s o l e x i t i n g t h e i n j e c t o r t u b e o f t h e sample i n t r o d u c t i o n 
s y s t e m used f o r t h e m a j o r i t y o f t h e ICP-AES w o r k . T h i s 
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c o n s i s t e d o f a d o u b l e pass S c o t t t y p e s p r a y chamber f i t t e d 
w i t h a h i g h s o l i d s v-groove n e b u l i s e r and p a r a l l e l 3 mm i , d . 
q u a r t z i n j e c t o r . O p e r a t i n g c o n d i t i o n s w e r e : n e b u l i s e r 
u p t a k e r a t e = 1.1 cm*^  m i n"^ and c a r r i e r gas f l o w o f 1.3 dm*' 
min"^. The l a t t e r was metered u s i n g a mass f l o w c o n t r o l l e r 
( T y l a n UK). I s o k i n e t i c s a m p l i n g c o n d i t i o n s were o b t a i n e d by 
d r a w i n g a i r t h r o u g h t h e cascade i m p a c t o r a t a r a t e o f 23 dm-^  
min"^. To p r e v e n t c o n d e n s a t i o n i n t h e i n j e c t o r t u b e , a h o t 
a i r b l o w e r was d i r e c t e d f r o m a b o v e t h e s p r a y c h a m b e r 
assembly towar d s t h e i n j e c t o r base. Care was t a k e n i n p o s i -
t i o n i n g t h e h o t a i r b l o w e r t o a v o i d h e a t i n g o f t h e s p r a y 
chamber i t s e l f . 
To o b t a i n t h e r e l a t i v e a n a l y t e t r a n s p o r t e f f i c i e n c y i t was 
n e c e s s a r y t o m e a s u r e b o t h t h e e f f i c i e n c i e s f o r 1 % m/v 
aqueous sodium c h l o r i d e s o l u t i o n and f o r a 1 % m/v f i r e b r i c k 
s l u r r y . 
A p p r o x i m a t e l y 500 cm^ o f an aqueous sodium c h l o r i d e s o l u t i o n 
(1000.00 cm-^ , approx 10.0000 g dm"^ NaCl, 0.17 mol dm"^) was 
n e b u l i s e d and c o l l e c t e d on t h e i m p a c t o r . A i r was drawn 
t h r o u g h t h e i m p a c t o r f o r a f u r t h e r 6 h o u r s t o e n s u r e t h e 
c o l l e c t e d s o l u t i o n was d r i e d . The i m p a c t o r was c a r e f u l l y 
d i s a s s e m b l e d and t h e so d i u m c h l o r i d e d e p o s i t s c o m p l e t e l y 
r i n s e d o f f t h e p l a t e s w i t h w a t e r , t h i s s o l u t i o n was t i t r a t e d 
u s i n g V o l h a r d s method (85) t o d e t e r m i n e t h e t o t a l mass o f 
NaCl c o l l e c t e d . The r e m a i n i n g , i . e . u n a s p i r a t e d s o l u t i o n 
was made up t o t h e mark w i t h w a t e r , a l i q u o t s (25.0 cm*^) o f 
t h i s s o l u t i o n w e re t i t r a t e d t o d e t e r m i n e t h e amount o f 
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sodium c h l o r i d e r e m a i n i n g f r o m t h e i n i t i a l s o l u t i o n . The 
a n a l y t e t r a n s p o r t e f f i c i e n c y o f t h e system w i t h r e s p e c t t o a 
1 % m/v aqueous sodium c h l o r i d e s o l u t i o n was c a l c u l a t e d . 
The a n a l y t e t r a n s p o r t e f f i c i e n c y o f a 1 % m/v f i r e b r i c k 
s l u r r y ( 1 0 0 0 . 0 cm-^, 10.000 g dm"'') was d e t e r m i n e d by 
n e b u l i s i n g t h e w h o l e s l u r r y , d r y i n g a n d w e i g h i n g t h e 
c o l l e c t e d m a t e r i a l s . T h r e e s e p a r a t e p a r t i c l e s i z e 
d i s t r i b u t i o n s o f f i r e b r i c k s l u r r y were o b t a i n e d by v a r y i n g 
t h e r a t i o o f bead t o sample, g r i n d i n g p e r i o d and v i g o u r o f 
s h a k i n g . V e r y f i n e s l u r r i e s (100% < 2 ^m) , c o u l d o n l y be 
p r e p a r e d by e x t e n d i n g t h e l e n g t h o f t h e arms o f t h e shaker, 
t h i s r e s u l t e d i n a v e r y v i g o r o u s a c t i o n w h i c h a b r a d e d 
c o n s i d e r a b l e amounts o f m a t e r i a l f r o m t h e b o t t l e . T h i s 
abraded m a t e r i a l was removed by r a p i d l y f i l t e r i n g t h e s l u r r y 
under vacuum t h r o u g h a coarse f i l t e r (Whatman 541). 
The p a r t i c l e s i z e d i s t r i b u t i o n s o f t h e s l u r r i e s w e r e 
d e t e r m i n e d u s i n g a C o u l t e r Counter Model TA I I . 
R e s u l t s a r e g i v e n i n T a ble 4.9. 
I n p a r a l l e l , a number o f f i r e b r i c k s l u r r i e s o f v a r i o u s PSD 
were p r e p a r e d and a n a l y s e d f o r Fe, Mg, T i , A l , Ca u s i n g 
plasma o p e r a t i n g c o n d i t i o n s and e m i s s i o n l i n e s shown i n 
T a b l e 4.1. The r e s u l t s o f t h e s e e x p e r i m e n t s a r e shown i n 
T a b l e s 4.10-11 and c o r r e l a t e d a g a i n s t PSD o f t h e s l u r r y i n 
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TABLE 4.9: PARTICLE SIZE ANALYSIS OP SOME FIREBRICK SLURRY 
% Volume 
Size/Mm S l u r r y Number 
6 7 8 9 10 11 12 13 
< 0.79 6.2 5.6 11.1 16.7 18.1 23.2 22.2 23.0 24.5 24.3 27.9 27.0 22.4 
< 1.00 13.1 13.0 26.0 33.6 37.2 43.7 43.1 44.5 47.1 48.1 52.8 52.6 44.9 
< 1.26 25.2 27.2 48.0 55.1 61.0 66.4 66.8 68.2 70.6 73.1 77.9 78,8 70.5 
< 1.58 39.4 45.4 70.1 75.9 81.6 84.2 85.8 86.7 88.1 90.3 93.5 95.3 90.5 
< 2.00 56.6 66.7 86.5 91.5 94.6 94.8 96.9 97.1 97.4 100 100 100 
, < 2.52 72.7 83.9 95.6 100 100 100 100 100 100 - - -
w < 3.17 89.9 96.9 100 -
< 4.00 99.4 100 -
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6 7 . 0 
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6 0 . 3 
7 3 . 9 
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4 4 . 2 
6 0 . 3 
5 7 . 5 
7 3 . 7 
8 3 . 8 
9 2 . 0 
8 9 . 3 
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100 
9 4 . 8 
9 4 . 6 
9 4 . 4 
9 2 . 1 
A l 
4 8 . 3 
5 8 . 2 
6 1 . 6 
7 4 . 3 
8 2 . 5 
8 6 . 3 





9 7 . 4 
9 8 . 7 
Ca 
5 2 . 0 
5 7 . 4 
6 1 . 9 
7 0 . 6 
8 3 . 0 
8 6 . 1 




8 9 . 5 
8 8 . 7 
8 5 . 5 
TABLE 4.11: RESULTS FOR FIREBRICK SLURRY TRANSPORT EXPERIMENTS 
A n a l y s i s % S l u r r y 
Mode° % Recovery^ T r a n s p o r t e d 
C u t - o f f f i g u r e ^ S l u r r y w r t aqueous Comments 
/m I d e n t i -
f i e r /im T i Ca Fe Mg 
s t a n d a r d 
1.58 0.79-1.00 100 100 100 100 100 No i n c r e a s e d r e c o v e r y upon 
a d d i t i o n o f Ho 
3.17 B 1.6-2.0 60 52 64 60 80 A l l Ar ICP 
83 82 84 83 5% H2 a d d i t i o n 
1 
4.00 C 1.6-2.0 44 51 49 51 65 A l l Ar ICP 
134- Aqueous NaCl - - - 100 % T r a n s p o r t E f f i c i e n c y = 1.15, 
1.13, 1.18 
a 90% o f p a r t i c l e s were s m a l l e r t h a n t h e s i z e shown 
b The most f r e q u e n t o c c u r r i n g v a l u e s i n t h e p a r t i c l e s i z e d i s t r i b u t i o n 
c compared t o aqueous s o l u t i o n s 
4.5.3 DISCUSSION 
As c a n be s e e n f r o m F i g s . 4 . 1 0 - 1 3 , t h e r e i s a c l e a r 
c o r r e l a t i o n b etween PSD and a n a l y t i c a l r e c o v e r y and o n l y 
when t h e e n t i r e s l u r r y was < 2 does t h e r e c o v e r y approach 
100%. 
The r e l a t i v e a n a l y t e t r a n s p o r t e f f i c i e n c i e s a r e i n complete 
agreement w i t h t h i s o b s e r v a t i o n and a l s o w i t h t h e r e s u l t s 
f r o m t h e s t u d y o f h y d r o g e n a d d i t i o n . C l e a r l y f o r t h e 
c o a r s e r s l u r r i e s ( T a b l e 4.11, s l u r r i e s b, c) b o t h a l o s s o f 
m a t e r i a l t h r o u g h t h e s a m p l e i n t r o d u c t i o n s y s t e m a n d 
i n c o m p l e t e v o l a t i l i s a t i o n h a v e l e d t o l o w a n a l y t i c a l 
r e c o v e r i e s . For t h e s l u r r y PS range on w h i c h t h e h y d r o g e n 
work was c o n d u c t e d , i t can be seen t h a t o n l y a p p r o x i m a t e l y 
80% o f t h e m a t e r i a l i s t r a n s p o r t e d t o t h e p l a s m a . The 
e f f i c i e n c y o f a t o m i s a t i o n o f t h i s m a t e r i a l i s t h e r e f o r e o n l y 
80% f o r an a l l a r g o n plasma w h i l s t upon h y d r o g e n a d d i t i o n , 
t h e h i g h e r r o t a t i o n a l t e m p e r a t u r e s a s s o c i a t e d w i t h t h a t 
s y stem, r e s u l t s i n c o m p l e t e v a p o r i s a t i o n . U s i n g t h i s r e -
s u l t , t h e g r a p h o f a n a l y t i c a l r e c o v e r y v e r s u s h y d r o g e n 
c o n t e n t ( F i g . 4.1) can be r e p l o t t e d i n te r m s o f a t o m i s a t i o n 
e f f i c i e n c y ( F i g . 4.14). 
T h i s does i n d i c a t e t h a t t h e e v a p o r a t i o n o f t h e f i r e b r i c k 
s l u r r y i s c o n t r o l l e d by h e a t t r a n s f e r k i n e t i c s r a t h e r t h a n 
mass t r a n s f e r as t h e v a p o r i s a t i o n i s d e p e n d e n t on g a s 
t e m p e r a t u r e and c o m p o s i t i o n ( 3 2 ) . 
The c o r r e l a t i o n between PSD and a n a l y t i c a l r e c o v e r y f o r t h e 
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Fig. 4.14 ATOMISATION EFFICIENCY vs. %HYDROGEN 






TABLE 4.12: MAXIMUM PARTICLE SIZE FOR SLURRY PARTICLE TO 
GIVE AN OCCUPANCY OP 1.00 








f i r e b r i c k i s l e s s ambiguous than the previous study on c o a l s 
( S e c t i o n 2.2). T h i s i s due to (a) more experimental p o i n t s ; 
(b) a more homogeneous m a t e r i a l . The p a r t i c l e s i z e 
dependency can be understood a t a simple l e v e l i f we assume 
t h a t t h e s o l i d i s g e n e r a l l y d i s p e r s e d w i t h i n t h e a e r o s o l 
d r o p l e t s . I f t h i s d i s p e r s i o n i s generated a t the n e b u l i s e r 
and remains unchanged d u r i n g t h e p assage of the a e r o s o l 
through the spray chamber, then the d e f i n i t i o n of an average 
o c c u p a n c y of a d r o p l e t by a s o l i d p a r t i c l e i s a l s o by 
d e f i n i t i o n , the r e l a t i v e a n a l y t e t r a n s p o r t e f f i c i e n c y . 
The use of an average r a t h e r than s p e c i f i c term s i m p l i f i e s 
the problem of m u l t i p l e occupancy of a e r o s o l d r o p l e t s and i f 
a m o n o d i s p e r s i v e a e r o s o l and s l u r r y i s a ssumed, t h e 
c a l c u l a t i o n p r o c e d u r e i s g r e a t l y s i m p l i f i e d . I t i s 
t h e r e f o r e p o s s i b l e to c a l c u l a t e the l a r g e s t diameter sphere 
which would giv e an occupancy of one f o r a range of a e r o s o l 
s i z e s . T h i s t a s k was performed f o r a 1% m/v s l u r r y of a 
s o l i d ( d e n s i t y 4 g cm"^) d i s p e r s e d i n water ( d e n s i t y = 1 g 
cm""^ ) a t a n e b u l i s a t i o n uptake r a t e of 1 cm-^  min"^. T h i s i s 
shown i n T a b l e 4.12- The s i z e d i s t r i b u t i o n of an a e r o s o l 
generated by a high s o l i d s n e b u l i s e r was determined by Ebdon 
e t a l . ( 6 ) , u s i n g the mode of the mass d i s t r i b u t i o n of 12-
16 /im the maximum allowed s l u r r y p a r t i c l e s i z e i s t h e r e f o r e 
1.64 - 2.19 m^ which c e r t a i n l y shows good agreement w i t h the 
experimental evidence. 
Therefore i t i s p o s s i b l e to suggest an upper s i z e l i m i t of 2 
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/im d i a m e t e r f o r t h e s l u r r y p a r t i c l e s i z e d i s t r i b u t i o n i f 
a c c e p t a b l e a c c u r a c y and p r e c i s i o n a r e t o be o b t a i n e d from 
s l u r r y n e b u l i s a t i o n ICP-spectrometry u s i n g d i r e c t aqueous 
c a l i b r a t i o n . 
T he s t r o n g d e p e n d e n c e o f r e c o v e r y on p a r t i c l e s i z e 
d i s t r i b u t i o n of the s l u r r y has undoubted i m p l i c a t i o n s f o r 
c a l i b r a t i o n . The use of s t a n d a r d s l u r r i e s or e m p i r i c a l 
c o r r e c t i o n f a c t o r s f o r c a l i b r a t i o n i s fraught w i t h dangers. 
R e l a t i v e l y s u b t l e changes i n p a r t i c l e s i z e d i s t r i b u t i o n of 
the s l u r r i e s may i n v a l i d a t e the c a l i b r a t i o n procedure and 
w i l l c e r t a i n l y degrade the p r e c i s i o n of the d e t e r m i n a t i o n . 
I t t h e r e f o r e cannot be too s t r o n g l y recommended t h a t d i r e c t 
aqueous c a l i b r a t i o n must be the method of c h o i c e i f a c c u r a t e 
and p r e c i s e determinations are d e s i r e d . 
The e f f e c t of the sodium pyrophosphate d i s p e r s a n t on t o t a l 
a e r o s o l t r a n s p o r t was a l s o a s s e s s e d by s p i k i n g b o t h a 
f i r e b r i c k s l u r r y and aqueous T i s o l u t i o n w i t h copper as an 
i n t e r n a l s t a n d a r d . The r a t i o o f t h e c o p p e r s i g n a l i n 
aqueous s o l u t i o n and i n the supernatant l i q u o r of the s l u r r y 
are shown i n F i g . 4.15. The d i s p e r s a n t does not a f f e c t the 
o v e r a l l mass of the a e r o s o l t r a n s p o r t e d t o t h e plasma when 
compared t o a standard aqueous s o l u t i o n . 
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Fig. 4.15 EFFECT OF SLURRY DISPERSANT ON TOTAL 
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4.6 CONCLUSIONS 
a. The a d d i t i o n of hydrogen/argon gas m i x t u r e s v i a t h e 
i n j e c t o r gas was b e n e f i c i a l i n promoting decomposition 
of h i g h l y r e f r a c t o r y s l u r r i e s . 
b. T h i s i n c r e a s e d a b i l i t y t o decompose r e f r a c t o r y s l u r r i e s 
was r e f l e c t e d i n higher r o t a t i o n a l temperatures of the 
plasma. 
c. T h i s was a t t r i b u t e d t o i n c r e a s e d energy t r a n s f e r from 
the t o r u s of the plasma t o the c e n t r a l channel due t o 
the high thermal c o n d u c t i v i t y of the hydrogen gas. 
d. T h i s energy t r a n s f e r p r o c e s s i s s e l f - l i m i t i n g and a 
model i s presented to account f o r t h i s . 
e. R e l a t i v e l y s m a l l c h a n g e s i n s l u r r y p a r t i c l e s i z e 
d i s t r i b u t i o n were shown t o have a majo r e f f e c t on 
a n a l y t i c a l accuracy, the major cause being r e j e c t i o n of 
m a t e r i a l i n the sample i n t r o d u c t i o n system. 
f . An upper s l u r r y s i z e l i m i t of 2 i s p r o p o s e d i f 
a c c u r a t e r e s u l t s a r e t o be o b t a i n e d u s i n g d i r e c t 
aqueous c a l i b r a t i o n . 
g. T h i s upper s i z e l i m i t was accounted f o r , i n t h e o r e t i c a l 
t e r m s , by c o n s t r u c t i n g a s i m p l e model b a s e d upon 
occupancy of a e r o s o l d r o p l e t s by s l u r r y p a r t i c l e s . 
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ADDITION OF FREON 116 (HEXAFLUOROETHANE) AS VOLATILISATION 
AID IN SLURRY NEBULISATION INDUCTIVELY COUPLED PLASMA ATOMIC 
EMISSION SPECTROMETRY 
5.1 INTRODUCTION 
The use of m o l e c u l a r gases such as n i t r o g e n or hydrogen as 
a i d s i n v o l a t i l i s i n g r e f r a c t o r y m a t e r i a l s i n s l u r r y 
n e b u l i s a t i o n ICP-AES r e l i e s upon m o d i f i c a t i o n of the thermal 
p r o p e r t i e s of the plasma. 
An a l t e r n a t i v e approach might be t o modify the c h e m i c a l 
e n v i r o n m e n t of t h e TCP s u c h t h a t i n t e r m e d i a t e v o l a t i l e 
s p e c i e s a r e formed from t h e r e f r a c t o r y o x i d e s . T h i s 
approach i s not new i n atomic spectrometry and has been used 
i n e l e c t r o t h e r m a l v a p o r i s a t i o n ICP-AES (61-64). 
The use of fluorocarbons o f f e r s the most p o t e n t i a l , they are 
a v a i l a b l e a t high p u r i t y , a r e i n e r t and n o n - t o x i c a t room 
t e m p e r a t u r e w h i l s t t h e h i g h t e m p e r a t u r e d e c o m p o s i t i o n 
p r o d u c t s w i l l p r o b a b l y be h i g h l y a c t i v e f l u o r i n e s p e c i e s 
(eg. F., CP. e t c ) . Hexafluoroethane (C2Fg, Freon 116) i s 
r e a d i l y a v a i l a b l e and was chosen p r i m a r i l y f o r r e a s o n s of 
c o s t . 
5.2 EXPERIMENTAL 
F i r e b r i c k (ECRM 776-1) was used as a t y p i c a l r e f r a c t o r y 
sample and s l u r r i e s were prepared as p r e v i o u s l y d e s c r i b e d 
( S e c t i o n 4.2.1) . 
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Mixtures of Freon 116 i n argon, prepared u s i n g a gas blender 
( S i g n a l I n s t r u m e n t Co., Camberly, UK), were used a s t h e 
n e b u l i s e r g a s . The sample i n t r o d u c t i o n s y s t e m was t h e 
standard set-up of a Scott-type double pass spray chamber, 3 
mm i n j e c t o r and high s o l i d s v-groove n e b u l i s e r . 
5.3 RESULTS AKD DISCUSSION 
Experimentally, i t was found t h a t upto 4.5% v/v of Freon 116 
i n A r c o u l d be a d d e d t o t h e I C P . The p o t e n t i a l t o 
v o l a t i l i s e r e f r a c t o r y s o l i d s was demonstrated i n t h a t both 
the i n j e c t o r and intermediate tube were s e v e r e l y a t t a c k e d . 
I n i t i a l s t u d i e s u s i n g a F i r e b r i c k s l u r r y (4.0 g dm~^, T i 
4 0 Mg cm"-') and an aqueous s o l u t i o n of the same t i t a n i u m 
c o n c e n t r a t i o n were h i g h l y encouraging ( T a b l e 5.1), w i t h a 
4% v/v Freon 116 mixture g i v i n g approximately 100% recovery 
of T i from the s l u r r y . The a n a l y t e s i g n a l was s u p p r e s s e d 
upon a d d i t i o n of Freon 116. 
The phenomenon of improved a n a l y t i c a l r e c o v e r i e s was shown 
t o be due t o an u n u s u a l p r o p e r t y o f t h e A r / F r e o n I C P . 
C a l i b r a t i o n c u r v e s w e r e p r e p a r e d o v e r a r a n g e o f 
c o n c e n t r a t i o n s u s i n g aqueous s o l u t i o n s , the response of the 
a n a l y t e emission l i n e s (Table 5.2) was normally l i n e a r w ith 
r e s p e c t t o c o n c e n t r a t i o n over the range of c o n c e n t r a t i o n s 
employed i n an a l l argon plasma. However, w i t h 4% v/v Freon 
116 added t o the n e b u l i s e r gas, the c a l i b r a t i o n f u n c t i o n s 
demonstrated c o n s i d e r a b l e d e v i a t i o n s from l i n e a r i t y ( F i g . 
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TABLE 5.1: EMISSION SIGNALS AND ANALYTICAL RECOVERY FROM A 
FIREBRICK SLURRY (ECRM 776-1) IN A Ar/FREON 116 
INDUCTIVELY COUPLED PLASMA 
% Freon 116 v/v T i ( I I ) 323.45 nm Emission S i g n a l 



















= 1.4 kW 
= 1 . 3 dm^ min"^ 
= 19 mm OLC 
= 24 dm^ min"^ 
= 0.4 dm*' min"^ 
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TABLE 5.2; EMISSION LINES AND PLASMA OPERATING CONDITIONS FOR 
INTRODUCTION OF FREON 116 TO AN INDUCTIVELY COUPLED 
PLASMA ATOMIC EMISSION SPECTROMETER 
Forward power 
I n j e c t o r gas flow 
Outer gas flow 
Intermediate gas flow 
= 1.4 kW 
=1.3 dm^ min"^ 
=25.4 dm^ min"^ 






Sp e c i e s 
( I I ) 
( I ) 
( I I ) 













T h i s d e v i a t i o n from l i n e a r i t y was shown to be dependent upon 
Freon 116 c o n c e n t r a t i o n with i n c r e a s e d c o n c e n t r a t i o n l e a d i n g 
to i n c r e a s e d d e v i a t i o n ( F i g . 5.5). 
These d e v i a t i o n s from l i n e a r i t y could c o n c e i v a b l y be due t o 
an i n c r e a s e i n o p t i c a l d e p t h o f t h e p l a s m a by s e l f -
a b s o r p t i o n or a b s o r p t i o n by m o l e c u l a r s p e c i e s . These can 
both be d i s c o u n t e d as s e l f a b s o r p t i o n o c c u r s p r i m a r i l y i n 
t h e c o o l boundary l a y e r s of t h e ICP but i s r e s t r i c t e d t o 
atomic resonance l i n e s as the extent of i o n i s a t i o n i s s m a l l 
w i t h i n t h e s e c o o l r e g i o n s . T h i s would not be demonstrated 
by any of the f i v e l i n e s monitored as they a r e e i t h e r i o n i c 
l i n e s (Fe, Ca, Mg, T i ) or a non resonance atomic l i n e ( A l ) . 
A l t e r n a t i v e l y , a b s o r p t i o n by m o l e c u l a r s p e c i e s , presumably 
i n the c o o l e r boundary l a y e r s , seems u n l i k e l y as the a n a l y t e 
l i n e s cover a wide range of wavelengths ( F e ( I I ) 238.2 nm to 
A 1 ( I ) 396.15 nm). 
The p o s s i b i l i t y t h a t molecular s p e c i e s might p o s s i b l y cause 
d e v i a t i o n from l i n e a r i t y v i a a c l a s s i c a l mass a c t i o n 
b u f f e r i n g e f f e c t i s w o r t h y o f i n v e s t i g a t i o n . The 
e x p e r i m e n t a l o b s e r v a t i o n s and t h e o r e t i c a l c a l c u l a t i o n of 
G i b b s F r e e E n e r g y c o n c e n t r a t e d on a l u m i n i u m p r i m a r i l y 
b ecause of t h e s i m p l e atomic e m i s s i o n s p e c t r a , t h e w e l l 
c h a r a c t e r i s e d e m i s s i o n s p e c t r a of A l F and the a v a i l a b i l i t y 
of thermochemical data. 
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Fig. 5.5 Calibration Curves for Fe(ll) 238.204 nm Line 












The p r e s e n c e of A l F was d e t e c t e d by o b s e r v a t i o n o f t h e 
c h a r a c t e r i s t i c molecular emission s p e c t r a of A l F , Pearse and 
Gaydon (87) l i s t prominent band heads of a wide range of 
molecular s p e c i e s . Aluminium f l u o r i d e emits i n the u.v. and 
i s i d e n t i f i e d by a prominent band head a t 227.47 nm which i s 
b a r e l y degraded towards t h e v i o l e t . T h i s a s signment was 
confirmed by the a d d i t i o n a l v i o l e t degraded band a t 227.58 
nm, both bands were absent from the blank s p e c t r a f i . e . no 
aluminium n e b u l i s e d ) of t h e Freon/Ar plasma. Aluminium 
f l u o r i d e was t h e r e f o r e c l e a r l y i d e n t i f i e d i n the Ar/Freon 
116 plasma and a l l o w s the p o s s i b i l i t y t h a t a c l a s s i c a l mass 
a c t i o n t y p e e f f e c t was t h e c a u s e o f t h e non l i n e a r 
c a l i b r a t i o n graphs. 
T h i s was f u r t h e r i n v e s t i g a t e d v i a a number o f s i m p l e 
thermochemical c a l c u l a t i o n s . 
Comparison of bond s t r e n g t h s of the d i a t o m i c molecules OH, 
AlO and A l F shows t h a t the A l F s p e c i e s i s c o n s i d e r a b l y more 
s t a b l e then e i t h e r AlO or OH (Table 5.3). 
TABLE 5.3: BOND STRENGTHS OF SIMPLE DIATOMIC MOLECULES 
Sp e c i e s 
A l F AlO OH 
D / k J mol"^ 663.6 507.5 427.5 
The temperature a t which the aluminium s p e c i e s decompose 
can be estimated from standard e n t h a l p i e s and e n t r o p i e s . 
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F o r t h e s e p r o c e s s e s a s s u m i n g t h a t and AS a r e 
independent of temperature, the temperature a t which AG = O 
can be estimated: 
i . e . AG = AH - TAS = 0 
T = AH/AS (eqn 5.1) 
The approximation t h a t AH, AS are independent of temperature 
i s only v a l i d over a sm a l l temperature range and i f no phase 
change occurs. Using standard e n t r o p i e s and e n t h a l p i e s f o r : 
AlO(g) = A l ( s ) + 0(g) 
A l F ( g ) = A l ( s ) + F(g) 
decomposition temperatures of T = 3276 K f o r AlO, and T = 
11862 K f o r A l F are obtained. However, the phase changes of 
A l ^ g j t o A l j g j would o b v i o u s l y have a l a r g e e f f e c t on the 
e n t r o p y t e r m s . A b e t t e r e s t i m a t e may be o b t a i n e d i f 
e n t h a l p i e s a t temperatures c l o s e r t o those of i n t e r e s t a r e 
used. Values f o r O^g^, Al^g^ a r e a v a i l a b l e a t 3000 K w h i l s t 
A l O ^ g j , A l F j g j and F ^ g j a r e o n l y a v a i l a b l e a t 2000 K. 
However u s i n g t h e s e v a l u e s a s " b e s t e s t i m a t e s " , 
d e c o m p o s i t i o n t e m p e r a t u r e s of T = 5256 K f o r A l F and T = 
3871 K f o r AlO a r e obtained. Although the a v a i l a b i l i t y of 
d a t a a t 3000 K f o r a l l s p e c i e s w o u l d a l l o w f u r t h e r 
r e f i n e m e n t o f t h e d e c o m p o s i t i o n t e m p e r a t u r e s t h i s does 
d e m o n s t r a t e A l F i s p r o b a b l y s u f f i c i e n t l y s t a b l e a t t h e 
"thermal" temperature of the ICP t o a c t as a c l a s s i c a l mass 
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a c t i o n b u f f e r . 
The formation of aluminium t r i f l u o r i d e i s thermodynamically 
h i g h l y favourable a t room temperature; 
A l 2 0 3 ( s ) + = 2A1F3 ( 3 ) + 3/2 02(g) 
AG (298 K) = -1241 k J mol"^ 
although t h i s p rocess i s l e s s favoured a t high temperatures 
A l 2 0 3 ( s ) + 3F2(g) = 2AlF3(g) + 3/2 (gj 
AG (2000 K) = - 449 k J mol"^ 
although t h i s r e a c t i o n i s s t i l l h i g h l y favoured. 
T h i s system i s not the s i t u a t i o n which would e x i s t a t 2000 
K, u s i n g eqn 5.1, we f i n d t h a t the f l u o r i n e molecule would 
d i s s o c i a t e t o g i v e f l u o r i n e r a d i c a l s a t 1372 K w h i l s t the 
oxygen m o l e c u l e does not d i s s o c i a t e i n t o r a d i c a l oxygen 
u n t i l 3815 K. 
Therefore a t e l e v a t e d temperatures, the formation of AIF3 i s 
v i a : 
A l 2 0 3 ( s ) + 6F(g) = 2AIF3(g) + 3/2 02(g) 
AG (2000 K) = - 789 k J mol"^. 
Aluminium t r i f l u o r i d e i s a l s o a s t a b l e molecule and does not 
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decompose u n t i l T = 4218 K 
e.g. A l F 3 ( g j = A l F + 2F(gj AG (2000 K) = + 571.5 k J mol"^ 
although the AIF3 s p e c i e s may decompose stepwise 
e ^ . A l F 3 ( g j = AlF2(g) + F^gj AG (2000 K) = -0.6 k J mol"^ 
t h i s r e a c t i o n becomes favourable a t T = 1991 K. 
These thermochemical c a l c u l a t i o n s show t h a t the g e n e r a t i o n 
of r e a c t i v e f l u o r i n e m o l e c u l e s / r a d i c a l s i n t h e ICP v i a the 
i n t r o d u c t i o n o f F r e o n 116 h a s t h e p o t e n t i a l t o a i d t h e 
e v a p o r a t i o n of r e f r a c t o r y m olecules e.g. alumina b o i l s a t 
3253 K, z i r c o n i a a t c a . 5270 K w h i l s t t h e c o r r e s p o n d i n g 
f l u o r i d e s sublime a t 1564 K and 873 K r e s p e c t i v e l y . 
The f o r m a t i o n of t h e s e m e t a l f l u o r i d e s by t h e d i r e c t 
combination of f l u o r i n e m o l e c u l e s / r a d i c a l s w i t h t h e o x i d e s 
are thermodynamically h i g h l y favourable. Unfortunately once 
formed, t h e s e f l u o r i d e s and s p e c i f i c a l l y t h e i n t e r m e d i a t e 
decomposition products fe.g. AlF) a r e h i g h l y p e r s i s t e n t and 
r e q u i r e s i g n i f i c a n t l y h i g h e r t e m p e r a t u r e s t h a n t h e 
corresponding oxides f o r complete decomposition. 
They a r e t h e r e f o r e c a p a b l e of f o r m i n g a c l a s s i c a l mass 
a c t i o n type b u f f e r and y i e l d both lower emission s e n s i t i v i t y 
and n o n - l i n e a r c a l i b r a t i o n c u r v e s . 
T h i s t y p e of b e h a v i o u r has not been o b s e r v e d p r e v i o u s l y 
where Freons have been used as v o l a t i l i s a t i o n a i d s i n ETV or 
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d i r e c t i n s e r t i o n ICP-AES. T h i s may be a f u n c t i o n of t h e 
g e n e r a l l y lower c o n c e n t r a t i o n of Freon which was found t o be 
b e n e f i c i a l i n t h e s e t e c h n i q u e s (eg. 0.1% CHF3). I f i d e a l 
gas behaviour a p p l i e s , t h e molar c o n c e n t r a t i o n of f l u o r i d e 
s p e c i e s i s 20 times higher f o r a 1% Freon 116 mixture than a 
0.1% f l u o r o f o r m m i x t u r e and w o u l d t h e r e f o r e h a v e a 
corresponding higher b u f f e r i n g c a p a c i t y . 
5.4 CONCLUSIONS 
( a ) The u s e of F r e o n 116/Ar m i x t u r e s a s a p o t e n t i a l 
v o l a t i l i s a t i o n a i d i n s l u r r y n e b u l i s a t i o n ICP-AES has 
been shown to y i e l d n o n - l i n e a r c a l i b r a t i o n c u r v e s . 
(b) T h i s was a t t r i b u t e d t o formation of a c l a s s i c a l mass 
a c t i o n b u f f e r i n v o l v i n g metal f l u o r i d e s . 
(c) T h i s was confirmed by the i d e n t i f i c a t i o n of A l F i n the 
plasma. 
(d) S i m p l e t h e r m o c h e m i c a l c a l c u l a t i o n s show t h a t t h e 
c o n c e p t o f a c l a s s i c a l b u f f e r i s a p p l i c a b l e t o t h e 
Freon/Ar ICP. 
157 
C H A P T E R 6 
THE INTRODUCTION OP HYDROGEN IN INDUCTIVELY COUPLED PLASMA 
MASS SPECTROMETRY 
Page No. 
6•1 I n t r o d u c t i o n 159 
6.2 Experimental 160 
6.3 R e s u l t s and D i s c u s s i o n 164 
6.3.1 P r e l i m i n a r y I n v e s t i g a t i o n of the E f f e c t s 164 
of Hydrogen i n I n d u c t i v e l y Coupled Mass 
Spectrometry 
6.3.2 The e f f e c t s of Hydrogen Addition on 168 
Analyte Ion Behaviour i n I n d u c t i v e l y 
Coupled Plasma Mass Spectrometry 
6.3.3 A n a l y s i s of a B a s t n a s i t e C e r t i f i e d 178 
Reference M a t e r i a l by S l u r r y N e b u l i s a t i o n 
I n d u c t i v e l y Coupled Plasma Mass 
Spectrometry 
6.4 Conclusions 188 
158 
THE INTRODUCTION OF HYDROGEN I N INDUCTIVELY COUPLED 
PLASMA MASS SPECTROMETRY 
6.1 INTRODUCTION 
The use of an i n d u c t i v e l y coupled plasma a s an i o n so u r c e 
f o r mass spectrometry has developed from the i n i t i a l s t u d i e s 
(88-94) t o a commercially s i g n i f i c a n t a n a l y t i c a l t e c h n i q u e 
i n a comparatively s h o r t space of time. 
The e x c e l l e n t multi-element d e t e c t i o n l i m i t s o b t a i n a b l e from 
ICP-MS have undoubtedly f u e l l e d t h i s development w h i l s t the 
g e n e r a l l y s i m p l e mass s p e c t r a r e s u l t s i n fewer p o t e n t i a l 
s p e c t r a l o v e r l a p s than t h e e q u i v a l e n t e m i s s i o n spectrum. 
The major s o u r c e of i n t e r f e r e n c e i s , w i t h o u t doubt, t h e 
fo r m a t i o n of p o l y a t o m i c i o n s i n t h e plasma o r i n t e r f a c e . 
The problems which polyatomic i o n s can generate have been 
w e l l documented (94-102) and ap p e a r t o be p a r t i c u l a r l y 
s e v e r e f o r t h e f i r s t row t r a n s i t i o n m e t a l s where m a j o r 
d i f f i c u l t i e s a r i s e f o r t h e a n a l y s i s of t h e s e f r e q u e n t l y 
determined a n a l y t e s . I n a d d i t i o n , t h e r e are the w e l l known 
p r o b l e m s o f d e t e r m i n i n g m o n o i s o t o p i c ^^As i n c h l o r i n e 
c o n t a i n i n g m a t r i c e s and Se i n any m a t r i x owing t o t h e 
i n t e r f e r e n c e of Ar2'*'. 
I t has p r e v i o u s l y been noted (Chapter 4 ) , t h a t the a d d i t i o n 
o f h y d r o g e n v i a t h e i n j e c t o r g a s a p p e a r s t o r a i s e t h e 
r o t a t i o n a l temperature of the ICP. T h i s immediately r a i s e s 
th e p r o s p e c t of r e d u c i n g p o l y a t o m i c i o n i n t e r f e r e n c e s by 
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i n c r e a s e d thermal d i s s o c i a t i o n . T h i s p o s s i b i l i t y was the 
fundamental reason f o r the f o l l o w i n g i n v e s t i g a t i o n of the 
behaviour of polyatomic s p e c i e s upon hydrogen a d d i t i o n . 
The use of n i t r o g e n a d d i t i o n t o e i t h e r t h e i n j e c t o r gas 
(103-104) or c o o l a n t (105) has been found t o a t t e n u a t e the 
response of the Ar p o l y a t o m i c s and o t h e r m a t r i x i o n s . T h i s 
h a s been s u c c e s s f u l l y a p p l i e d t o v a r i o u s e n v i r o n m e n t a l 
samples (106). The l e v e l s of ArO"^ polyatomics are r o u t i n e l y 
c o n t r o l l e d by t h e use of t h e w a t e r c o o l e d s p r a y chambers 
(102). 
6.2 EXPERIMENTAL 
An e x t e r n a l gas blender ( S i g n a l Instruments, Camberley, UK) 
was used t o p r o v i d e Ar/H2 mi x t u r e s from 0-10% v/v hydrogen 
f o r u s e a s t h e n e b u l i s e r g a s . An e x t e r n a l mass f l o w 
c o n t r o l l e r ( T y l a n , UK), was used t o meter a c c u r a t e l y t h e 
i n n e r gas flow. These were the only m o d i f i c a t i o n s r e q u i r e d . 
As an e x p e r i m e n t a l p r o t o c o l , the instrument l e n s s e t t i n g s , 
t o r c h p o s i t i o n , s a m p l i n g d e p t h and p l a s m a o p e r a t i n g 
parameters were optimised, with no a d d i t i o n a l hydrogen flow, 
u s i n g ^ ^ ^ I n s i g n a l a s a f i g u r e o f m e r i t . A f t e r e a c h 
i n c r e m e n t a l a d d i t i o n of hydrogen, the i o n l e n s e s were r e -
o p t i m i s e d but the remaining parameters were g e n e r a l l y not 
a d j u s t e d . 
A number o f e x p e r i m e n t s were p e r f o r m e d t o a s s e s s t h e 
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e f f i c i e n c y of hydrogen a d d i t i o n ; 
i . I n v e s t i g a t i o n i n t o t h e r e s p o n s e o f ArO"*", ArCl"*", 
Ba"*'/Ba'*"*' and La'*'/LaO"*" w i t h r e s p e c t t o h y d r o g e n 
a d d i t i o n . 
i i . I n v e s t i g a t i o n of a n a l y t e ion responses. 
The plasma operating c o n d i t i o n and ions used t o monitor the 
performance of the system a r e shown i n Table 6.1. 
The improvements i n La'*"/LaO'*' r a t i o s upon a d d i t i o n o f 
hydrogen ( F i g . 6.3), suggested t h a t t h i s may be of some use 
i n t h e a n a l y s i s o f r a r e e a r t h e l e m e n t s . T h i s was 
i n v e s t i g a t e d by d e t e r m i n a t i o n of Gd (10 ng cm"-^) a t t h e 
^^^Gd i s o t o p e i n a simple aqueous s o l u t i o n of La^*^ (0, 10, 
100, 1000 ng cm"^ La^"*" i n 2% v/v HNO3) and the a n a l y s i s , by 
s l u r r y n e b u l i s a t i o n ICP-MS, o f a c e r t i f i e d r e f e r e n c e 
m a t e r i a l (IGS 40: B r i t i s h G e o l o g i c a l Survey) f o r REE. 
S l u r r i e s of B a s t n a s i t e m i l l feed ore (IGS 40) were prepared 
i n f our d i f f e r e n t d i s p e r s a n t s by the s t a n d a r d " b o t t l e and 
bead" method. T h e s e d i s p e r s a n t s were aqueous sodium 
pyrophosphate (0.5 g dm"-^ ) a c i d i f i e d with n i t r i c a c i d (1:50, 
concentrated HN03:water), aqueous sodium pyrophosphate (0.5g 
dm-^), aqueous T r i t o n X-100 (5g dm""^), and a c i d i f i e d aqueous 
T r i t o n X-100 (5 g dm"-'). Examination by o p t i c a l microscopy 
r e v e a l e d t h a t d i s p e r s i o n was complete only f o r t h e f i r s t 
two d i s p e r s a n t s ( l e . . a q u e o u s and a c i d i f i e d s o d i u m 
p y r o p h o s p h a t e ) w h i l s t both T r i t o n X-100 s y s t e m s showed 
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TABLE 6 : i : INSTRUMENTAL CONDITIONS FOR HYDROGEN ADDITION 
EXPERIMENTS IN INDUCTIVELY COUPLED PLASMA MASS 
SPECTROMETRY 
Forward Power 
Outer Gas (Ar) 
Intermediate Gas (Ar) 
Inner Gas 
Sampling depth 
= 1.5 kw 
= 15.0 dm^ min"^ 
= 1.2 dm-* min"^ 
= 0.85 dm^ min"^ 




















c o n s i d e r a b l e f l o c c u l a t i o n . A c i d i f i e d sodium pyrophosphate 
was chosen as the d i s p e r s a n t to r e t a i n the i n t e r n a l standard 
i n s o l u t i o n . 
F i v e s l u r r i e s (approximately 10.0000 g dm~^) were prepared, 
a l i q u o t s (1.000 cm**) of t h e s e s l u r r i e s were t r a n s f e r r e d t o 
v o l u m e t r i c f l a s k s (100.0 cm**) , an a l i q u o t of an aqueous 
indium s o l u t i o n added as an i n t e r n a l standard (1.000 cm^, 10 
/ig cm"^ I n ) and the whole made upto the mark with aqueous, 
a c i d i f i e d sodium p y r o p h o s p h a t e . T h e s e s l u r r i e s were 
analysed f o r Pr, Nd, Sm, Gd, Dy by ICP-MS usi n g an a l l argon 
p l a s m a and a p l a s m a w i t h a 5% v / v Hj i n Ar m i x t u r e a s 
c a r r i e r g a s . C a l i b r a t i o n was o b t a i n e d a g a i n s t s i m p l e 
aqueous s t a n d a r d s p r e p a r e d by s e r i a l d i l u t i o n o f s t o c k 
s o l u t i o n s prepared by d i s s o l u t i o n of the r e l e v a n t oxide. 
The a n a l y s i s o f REE i n g e o l o g i c a l m a t e r i a l s by s l u r r y 
n e b u l i s a t i o n ICP-MS has been p r e v i o u s l y r e p o r t e d by J a r v i s 
(20) but high v a l u e s f o r the middle and heavy r a r e e a r t h s 
were reported. T h i s was a t t r i b u t e d t o contamination of the 
s l u r r i e s by the z i r c o n i a g r i n d i n g beads even though a blank 
prepared by sh a k i n g beads w i t h d i s p e r s a n t ; but no sample, 
r e v e a l e d n e g l i g i b l e contamination. 
F o r t h i s work a more r e a l i s t i c b l a n k was p r e p a r e d u s i n g 
"Specpure" s i l i c a , s l u r r i e s were prepared (10.000 g dm"^, 
S i O j ) u s i n g both the " b o t t l e and bead" method and a "McCrone 
m i c r o n i s i n g m i l l f i t t e d w i t h agate elements. The g r i n d i n g 
163 
p e r i o d f o r t h e " b o t t l e and bead" method was f o u r h o u r s 
w h i l s t f o r the McCrone m i l l t h i s was reduced t o 30 minutes, 
the d i s p e r s a n t i n both c a s e s was i d e n t i c a l t o t h a t used f o r 
t h e p r e p a r a t i o n of t h e B a s t n a s i t e s l u r r i e s . An i n t e r n a l 
s t a n d a r d ( 1 . 000 cm^, 10 /xg cm"^ I n ) was added t o t h e 
s l u r r i e s t o e n a b l e a s e m i - q u a n t i t a t i v e a n a l y s i s t o be 
performed us i n g the "Survey Scan" mode of the instrument. 
6.3 RESULTS AND DISCUSSION 
6.3.1 PRELIMINARY INVESTIGATION OF THE EFFECTS OF HYDROGEN 
IN INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY 
The r e s p o n s e of ArO"*", ArCl"*", BaVBa"*""*" and LaVLaO*^ w i t h 
r e s p e c t to hydrogen a d d i t i o n a r e shown i n F i g s . 6.1-3. The 
argon polyatomics were c l e a r l y enhanced by s m a l l q u a n t i t i e s 
of a d d i t i o n a l hydrogen ( F i g . 6.1) although t h i s ran c o n t r a r y 
t o the o r i g i n a l e x p e c t a t i o n t h a t the a d d i t i o n of hydrogen 
would l e a d to lower l e v e l s of t h e s e argon polyatomics. The 
La'*"/LaO'*" r a t i o was however improved upon t h e a d d i t i o n of 
hydrogen ( F i g . 6.3) and p o t e n t i a l l y has some use i n reducing 
t h e i n t e r f e r e n c e of t h e o x i d e s o f l i g h t e r r a r e e a r t h 
elements upon h e a v i e r element determination. 
The d i f f e r e n c e i n b e h a v i o u r between t h e f o r m a t i o n o f 
p o l y a t o m i c argon s p e c i e s ArO"*", ArCl"*" and a n a l y t e o x i d e s 
(LaO"*") r e q u i r e s some c o n s i d e r a t i o n . T h i s was e x p l a i n e d by 
c o n s i d e r i n g t h a t the formation of the argon polyatomics a r e 
a p r o p e r t y of t h e i n t e r f a c e . A d d i t i o n o f h y d r o g e n , 
a l t h o u g h r e s u l t i n g i n a h o t t e r p l a s m a , i n c r e a s e s t h e 
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Fig. 6.1 Response of some Polyatomic Species 
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thermal c o n d u c t i v i t y o f the plasma such t h a t l o c a l c o o l i n g 
of t h e plasma i n th e r e g i o n o f t h e i n t e r f a c e promotes t h e 
formation o f more polyatomics before the plasma gas expands 
i n the expansion chamber and r e a c t i o n s e s s e n t i a l l y cease. 
The metal oxides are not formed i n t h e i n t e r f a c e b u t are a 
c h a r a c t e r i s t i c of the b u l k plasma and t h e r e f o r e r e f l e c t the 
p r o p e r t i e s o f t h a t plasma. T h i s argument i s s i m p l i s t i c as 
t h e i n t e r f a c e o b v i o u s l y does have an e f f e c t upon M'*'/MO*^  
r a t i o s as t h e r e i s l i t t l e evidence f o r t h e e x i s t e n c e o f 
m e t a l o x i d e s p e c i e s a t normal o p e r a t i n g c o n d i t i o n s i n 
o p t i c a l emission spectrometry. 
6.3.2 THE EFFECTS OF HYDROGEN ADDITION ON ANALYTE ION 
BEHAVIOUR IN INDUCTIVELY COUPLED PLASMA MASS 
SPECTROMETRY 
The behaviour o f analyte ions upon a d d i t i o n o f hydrogen was 
s t u d i e d f o r a range o f species c o v e r i n g t h e spectrum o f 
i o n i s a t i o n p o t e n t i a l s ( I ) from Cs ( I = 3.89 eV) t o Hg ( I = 
10.44 eV) (Table 6.2), As an experimental p r o t o c o l , the i o n 
e x t r a c t i o n and o p t i c s w e r e r e - o p t i m i s e d a f t e r e a c h 
in c r e m e n t a l a d d i t i o n o f hydrogen u s i n g response from ^ ^ ^ I n 
as a f i g u r e o f m e r i t . The r e s u l t s are shown i n Figs. 6.4-6. 
As can be seen, w i t h t h e e x c e p t i o n o f Zn ( I = 9.39 eV) and 
Hg ( I = 10.44 eV), ( F i g s . 6.5-6) t h e a n a l y t e i o n s show a 
s i m i l a r response w i t h r e s p e c t t o hydrogen a d d i t i o n ( F i g . 
6.4) . 
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Fig.6.4 RELATIVE ION COUNT FOR ANALYTE IONS 
vs. %HYDROGEN IN INNER GAS 
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Fig.6.5 VARIATION IN MERCURY SIGNAL 
WITH RESPECT TO HYDROGEN CONCENTRATION 
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TABLE 6:2: ANALYTE IONS AND lOMISATION POTENTIALS 
ION ISOTOPE IST lONISATION DIFFICULTY OF 
POTENTIAL/eV lONISATION 
Cs 133 3.894 Easy 
Rb 85 4.177 Easy 
L i 7 5.392 Easy 
Ce 140 5.470 Easy 
Sr 88 5.695 Easy 
I n 115 5.786 Easy 
Mo 98 7.099 Mpderate 
Bi 209 7.289 Moderate 
Cu 63 7.726 Moderate 
Co 59 7.860 Moderate 
Cd 111 8.993 Hard 
Be 9 9.322 Hard 
Zn 64 9.394 Hard 
As 75 9.810 Hard 
Hg 202 10.437 Hard 
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The shape o f the p l o t s can be examined i n i t i a l l y by assuming 
t h a t the LTE behaviour o f a plasma i s broadly a p p l i c a b l e i n 
terms o f general t r e n d s i n r e a l systems. The i o n s i g n a l , 
which i s a measure of analyte i o n number d e n s i t y i s d i r e c t l y 
r e l a t e d t o t h e degree o f i o n i s a t i o n (a) and t h e t o t a l 
a n a l y t e s p e c i e s ( i o n and atom) i n t h e plasma s i n c e by 
d e f i n i t i o n : 
where M"*" = Analyte i o n number d e n s i t y 
= T o t a l a nalyte species number d e n s i t y 
I f we assume t h a t remains e s s e n t i a l l y c o n s t a n t f o r a 
s p e c i f i c s o l u t i o n then a d i c t a t e s the analyte i o n s i g n a l . 
I t has been shown t h a t t h e a d d i t i o n o f hydrogen increases 
plasma temperatures and e l e c t r o n number d e n s i t i e s (36, 37, 
46-50). The degree o f i o n i s a t i o n can be c a l c u l a t e d w i t h 
r e s p e c t t o LTE temperature v i a t h e Saha eq u a t i o n , t h e Saha 
e q u i l i b r i u m constant Kg being d i r e c t l y r e l a t e d t o a by: 
a = Ks/(Ks + n^) 
where n^ = e l e c t r o n number d e n s i t y m""^ . 
Therefore t h e experimental behaviour can be t e s t e d a g a i n s t 
the p r e d i c t e d behaviour of a ( F i g . 6.7-9). 
These c a l c u l a t i o n s show t h a t f o r moderately e a s i l y i o n i s a b l e 
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Fig 6.7 CALCULATED DEGREES OF lONISATION 
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Fig. 6.9 CALCULATED DEGREES OF lONISATION FOR 
SOME ELEMENTS WITH HIGH lONISATION ENERGIES 
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elements, a remains e s s e n t i a l l y c o n s t a n t over t h e e n t i r e 
range o f "normal" plasma temperatures and e l e c t r o n d e n s i t i e s 
e.g. ttg = 10^^ - 10^^ cm~^. The c h a r a c t e r i s t i c behaviour of 
the a n a l y t e ions cannot be e x p l a i n e d by changes i n plasma 
t e m p e r a t u r e . Even f o r s p e c i e s w i t h h i g h i o n i s a t i o n 
p o t e n t i a l s e.g. Cd, Be, As where t h e r e i s a l a r g e v a r i a t i o n 
i n a w i t h r e s p e c t t o temperature, t h e s i m i l a r i t y o f t h e i r 
e x perimental behaviour t o t h e more e a s i l y i o n i s e d species 
seems t o i n d i c a t e t h a t v a r i a t i o n s i n plasma temperatures are 
not the cause o f the observed behaviour. 
The anomalous behaviour o f Hg and Zn can be e x p l a i n e d . The 
Zn i s o t o p e s e l e c t e d f o r these e x p e r i m e n t s , a l t h o u g h t h e 
major isotope, has an i s o b a r i c i n t e r f e r e n c e from a minor Ni 
i s o t o p e (abundance = 0.95%). The a d d i t i o n o f hydrogen 
r e s u l t s i n a h o t t e r , more t h e r m a l l y conductive plasma which 
i n c r e a s e s t h e r a t e o f l o s s o f N i from t h e sampling cone 
l e a d i n g t o an a p p a r e n t l y enhanced s i g n a l from ^'^Zn. The 
apparent increase i n s e n s i t i v i t y o f Hg was probably due t o 
p a r t i a l r e d u c t i o n o f Hg^ "*" t o Hg m e t a l by hydrogen i n t h e 
s p r a y chamber l e a d i n g t o i n c r e a s e d sample t r a n s p o r t 
e f f i c i e n c i e s f o r Hg. 
Therefore, the observed behaviour o f t h e a n a l y t e i o n upon 
a d d i t i o n o f h y d r o g e n c a n n o t be e x p l a i n e d i n t e r m s o f 
increased plasma temperatures. There are a t l e a s t two other 
simple explanations. 
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l a l Gas Dynamics of the I n t e r f a c e 
The a d d i t i o n o f hydrogen may a l t e r the f l u i d dynamics o f the 
i n t e r f a c e by changing gas v e l o c i t y , v i s c o s i t i e s e t c o r by 
b o u n d a r y / d i f f u s i o n l a y e r m o d i f i c a t i o n s . T h i s would be 
r e f l e c t e d i n v a r i a t i o n i n t h e e f f i c i e n c y o f a n a l y t e i o n 
e x t r a c t i o n from the bu l k plasma. 
This mechanism has many a t t r a c t i o n s s i n c e t h e behaviour o f 
p o l y a t o m i c i o n s upon a d d i t i o n o f h y d r o g e n has been 
a t t r i b u t e d t o b o u n d a r y / d i f f u s i o n l a y e r m o d i f i c a t i o n s . The 
br o a d l y s i m i l a r behaviour o f the a n a l y t e ions does suggest 
t h a t t h i s mechanism cou l d s i g n i f i c a n t l y c o n t r i b u t e t o the. 
observed behaviour. 
i b l g p a t i a l Dependency 
The s p a t i a l dependence o f t h e i o n s i g n a l i n ICP-MS i s w e l l 
known (e.g. 97) and i s very dependent upon plasma o p e r a t i n g 
c o n d i t i o n s and t o r c h p o s i t i o n . A t any s p e c i f i c s e t o f 
o p e r a t i n g c o n d i t i o n s , any f a c t o r which a l t e r s t h e s p a t i a l 
p r o f i l e o f t h e i o n s i n t h e ICP w i l l cause changes i n i o n 
s i g n a l . The a d d i t i o n of hydrogen i s one such f a c t o r . 
6.3.3 ANALYSIS OF A BASTNASITE CERTIFIED REFERENCE MATERIAL 
BY SLURRY NEBULISATION INDUCTIVELY COUPLED PLASMA -
MASS SPECTROMETRY 
The a n a l y s i s o f the r a r e e a r t h elements (REE) by ICP-MS has 
many advantages over ICP-AES, not l e a s t being the apparently 
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s i m p l e mass s p e c t r a when compared t o t h e h i g h l y complex 
emission s p e c t r a o f these elements. So complex are these 
e m i s s i o n s p e c t r a , t h a t n o r m a l l y some f o r m o f c h e m i c a l 
s e p a r a t i o n i s r e q u i r e d i f mutual i n t e r f e r e n c e of t h e r a r e 
earths i s t o be avoided. 
The mass s p e c t r a o f t h e REE are d e c e p t i v e l y s i m p l e , t h e 
presence o f oxide species may i n t r o d u c e i n t e r f e r e n c e s from 
l i g h t e r REE upon heavier elements. However, the a d d i t i o n of 
hydrogen has been shown t o be p o t e n t i a l l y of use i n reducing 
these i n t e r f e r e n c e s . T h i s i s demonstrated i n Table 6.3, 
w h i c h shows an i n t e r f e r e n c e s t u d y o f La upon t h e 
dete r m i n a t i o n of Gd using the m/e = 155 iso t o p e . A c r i t i c a l 
a p p r a i s a l o f t h i s s t u d y r e v e a l s t h a t t h e a d d i t i o n o f 
hydrogen i s , a t best, only a p a r t i a l s o l u t i o n t o t h e problem 
o f oxide i n t e r f e r e n c e s i n t h e d e t e r m i n a t i o n s o f t h e REE by 
ICP-MS. 
The use o f s l u r r y n e b u l i s a t i o n i n ICP-MS o f f e r s t h e same 
advantages and s u f f e r s from t h e same l i m i t a t i o n s as i n 
emission spectrometry but may p o t e n t i a l l y s u f f e r from two 
unique problems. I n ICP-MS, th e r e i s a general requirement 
f o r an i n t e r n a l standard t o c o r r e c t f o r i n s t r u m e n t a l d r i f t , 
t h e s e l e c t i o n o f w h i c h may be i n c o n f l i c t w i t h t h e 
p r o p e r t i e s of the dispersant (e.g. pH), which i s r e q u i r e d t o 
e n s u r e t h a t t h e s l u r r y i s c o m p l e t e l y d i s p e r s e d . I n 
p r a c t i c e , a l l b u t t h e a l k a l i n e and a l k a l i n e e a r t h i o n s 
r e q u i r e a c i d i c c o n d i t i o n s t o remain i n s o l u t i o n unless added 
as a s t a b l e complex. The use of a l k a l i n e and a l k a l i n e e a r t h 
179-
TABLE 6.3: INTERFERENCE OF LaO* ON GADOLINIUM (^^^Gd) 
[La]/ng cm""^  Gadolinium F o u n d i n g cm"^ 
0% H3 5% H2 
m/z = 155 m/2 = 155 
0 10.18 10.16 
1 10.45 10.16 
10 10.92 11.23 
100 18.70 17.34 
1000 100.20 17.91 
^ Gd s o l u t i o n nominally 10 ng cm"^ 
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species as i n t e r n a l standards f o r a n a l y s i s o f Bastnasite was 
imp o s s i b l e due t o t h e h i g h l e v e l s o f these species i n t h e 
ore. 
F o r t u n a t e l y , the use o f a c i d i f i e d sodium pyrophosphate as a 
d i s p e r s a n t allowed a wider s e l e c t i o n o f i n t e r n a l standard 
species and I n was f i n a l l y s e l e c t e d as t h e mass s p e c t r a o f 
t h e B a s t n a s i t e s l u r r i e s were c l e a r o f t h i s element. For 
many m a t e r i a l s , t h e s e l e c t i o n o f i n t e r n a l standards can be 
d i f f i c u l t e.q. c o a l s , which r e q u i r e a n i o n i c o r n o n - i o n i c 
s u r f a c t a n t s f o r d i s p e r s i o n , although t h i s has been overcome 
(19). 
The second problem i s one o f contamination from t h e g r i n d i n g 
p r o c e s s w h i c h p o t e n t i a l l y i s more s e r i o u s i n ICP-MS i n 
comparison w i t h ICP-AES. This problem was addressed v i a the 
p r e p a r a t i o n of the s i l i c a blank. 
The a n a l y s i s o f t h e B a s t n a s i t e m i l l f e e d o r e by s l u r r y 
n e b u l i s a t i o n ICP-MS f o r some REE i s shown i n Table 6.4. 
As can be seen, e x c e l l e n t agreement w i t h c e r t i f i c a t e values 
were o b t a i n e d f o r Pr and Nd both w i t h and w i t h o u t hydrogen 
a d d i t i o n . This i n d i c a t e s t h a t the s l u r r y n e b u l i s a t i o n p a r t 
of t h e experiment was successful i . e . the s o l i d m a t e r i a l was 
bei n g t r a n s f e r r e d and ato m i s e d / i o n i s e d as e f f i c i e n t l y as a 
simple aqueous s o l u t i o n . 
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TABLE 6.4; ANALYSIS OP BASTNASITE ORE (IGS 40) BY SLURRY NEBOLISATION INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY 
ANALYTE ISOTOPIC MASS 
% NORMAL OXIDE FOUND 
0% H. 5% H. 
CERTIFICATE VALUE 
pj.a 141 0.335 + 0.004 0.336 + 0.004 0.33 
( 0.32-0.34) 
Nd^ 146 0.97 + 0.02 0.97 + 0.03 0.97 
( 0.95-0.99) 
152 0.0709 + 0.002 0.064 + 0.003 0.060 
( 0.057-0.063) 
Gd^ 155 0.296 + 0.02 0.269 + 0.004 0.060 
156 0.307 + 0.02 0.235 + 0.004 ( 0.057-0.063) 
158 0.062 + 0.004 0.0514 + 0.001 
160 0.030 + 0.003 0.027 + 0.001 
Dy^ 163 0.0044 + 0.0002 0.0045 + 0.0002 0.0028 
00 
to 
NB U n c e r t a i n t i e s based on 2a^_-y (n = 5) 
a = f u l l y c e r t i f i e d value 
b = r e l i a b l e value - f o r use w i t h caution 
c = i n d i c a t i v e value 
= 95% confidence l i m i t 
For the remaining t h r e e analytes, Sm, Gd, Dy the r e s u l t s are 
l e s s convincing but do demonstrate t h a t hydrogen i s reducing 
the e f f e c t of i n t e r f e r e n c e s from oxides o f l i g h t e r elements. 
The a d d i t i o n o f hydrogen increases t h e s e l e c t i v i t y f o r t h e 
a n a l y t e i o n over i n t e r f e r e n t s u f f i c i e n t l y t o compensate f o r 
t h e i n t e r f e r e n c e o f ^^ B^a^ O^'*' on ^^ S^m"*" such t h a t good 
agreement w i t h the c e r t i f i c a t e values were obtained* 
For Gd, reasonable agreement between a l l argon and hydrogen 
supplemented systems was obtained on the ^^^Gd isotope which 
s h o u l d be r e l a t i v e l y c l e a r o f o x i d e o v e r l a p s f o r t h i s 
system. There i s an i n s i g n i f i c a n t i s o b a r i c o v e r l a p from 
^^^Dy which has a n a t u r a l abundance o f 2.3%. The remaining 
Gd isotopes s t u d i e d (^^^Gd, ^^^Gd, ^^®Gd) a l l have m u l t i p l e 
oxide and hydroxide overlaps, and although hydrogen a d d i t i o n 
does show some r e d u c t i o n of these i n t e r f e r e n c e s i t does not 
e l i m i n a t e them. The p r e c i s i o n i s improved such t h a t a mass 
s p e c t r a l c o r r e c t i o n might be a p p l i e d based upon measurement 
of the parent i o n of the oxide species. 
The p o t e n t i a l i n t e r f e r i n g species, w i t h t h e excess o f t h e 
parent i o n over the analyte i o n i s shown i n Table 6.5. This 
magnitude o f excess when coupled t o a t y p i c a l s e l e c t i v i t y o f 
M'*'/MO'*' o f 1-2% suggests t h a t t h e major cause o f t h e poor 
a n a l y t i c a l accuracy i n t h e d e t e r m i n a t i o n o f g a d o l i n i u m i n 
t h i s Bastnasite ore was due t o these oxide i n t e r f e r e n c e s . 
The o b v i o u s a l t e r n a t i v e i s t h a t t h e z i r c o n i a g r i n d i n g 
elements had introduced contamination, p a r t i c u l a r l y as they 
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TABLE 6.5: OXIDE INTERFERENCES ON DETERMINATION OF 
GADOLINIUM IN A RARE EARTH ORE (igs 40) BY 
INDDCTIVELY COUPLED PLASMA MASS SPECTROMETRY 
Isotope 
Rare Earth Element 
Concentration/ng cm"^ 
Rare Earth Analyte Isotope 
Concentration/ng cm"^ 
"Sea 12000 8628 
"9La 2700 2697 
"Oce 3220 2850 
3220 357 
832 225 
141pt 273 273 
16.5 2.46 
16.5 3.40 
158Gd 16.5 4.08 





































NB: Excess i s defined as the r a t i o of the concentration of 
the parent ion of the i n t e r f e r r i n g ion t o the analyte 
ion. 
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are known t o contain trace amounts of the REE. The possible 
l e v e l s of contamination were assessed by comparison of the 
mass s p e c t r a of s l u r r i e s of s i l i c a ( 1 % m/v "Specpure" 
S i l i c a ) prepared using a micronising m i l l f i t t e d w i t h agate 
elements and the " b o t t l e and bead" method. The mass specta 
are shown i n Figs. 6.10-11. 
The mass spectrum o f t h e s l u r r y p r e p a r e d u s i n g t h e 
micronising m i l l were clear of the rare earth elements (Fig. 
6,10) w h i l s t the spectrum of the s l u r r y prepared using the 
" b o t t l e and bead" method (Fig- 6.11) showed s i g n i f i c a n t 
amounts of the REE which must have o r i g i n a t e d from the 
zirconia beads. 
An i n t e r n a l standard was added t o the " b o t t l e and bead" 
s l u r r y and a s e m i - q u a n t i t a t i v e a n a l y s i s run u s i n g the 
"Survey Analysis" mode, the r e s u l t s of which are shown i n 
Table 6.6. This analysis showed t h a t none of the REE's were 
present at greater than 2 ng cm~^. As the analysis of the 
ore was performed on a 0.01% m/v s l u r r y prepared by d i l u t i o n 
from a 1% m/v s l u r r y , the l e v e l s of contamination i n the 
Bastnasite s l u r r y should be no more than approximately 0.02 
ng cm"^ of any REE. This blank would be i n s i g n i f i c a n t f o r 
analytes present at 1-20 ng cm""* i n the s l u r r y e.g. Gd, Dy. 
The high concentrations of aluminium arise from the zirconia 
beads which are an eutectic mixture of zirconia and alumina, 
w h i l s t the t i n probably originates from the p l a s t i c b o t t l e s 
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Fig. 6.10 MASS SPECTRUM OF A " S P E C P U R E 
SILICA SLURRY PREPARED USING A 
McCRONE MICRONISING MILL 
FSD=70 cps 
144 
Fig. 6.11 MASS SPECTRUM OF A " S P E C P U R E 
SILICA SLURRY PREPARED USING THE 
' B O T T L E and BEAD' METHOD. 
FSD=70 cps 
. 140 148 156 164 172 18C 
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TABLE 6.6: APPROXIMATE LEVELS OF CONTAMINATION OF A SILICA 
SLURRY PREPARED BY GRINDING WITH ZIRCONIA BEADS 




























Add i t i o n a l l y large amounts 
of Zr and Al present 
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as t i n compounds are a common a d d i t i v e i n the p l a s t i c s 
i n d u s t r y . The Sc value of 600 ng cm"-^  i s due t o ^ Z^r"*"*" 
which i n t e r f e r e s on ^ ^Sc and should therefore be ignored. 
In t h i s s p e c i f i c case, contamination does not appear t o be a 
problem but some care must be taken t o achieve such r e s u l t s . 
The zirconia beads should not be used more than two or three 
times as the surface v i t r i f i c a t i o n i s l o s t exposing the 
s o f t e r sub-surface m a t e r i a l . The costs of the beads i s i n 
any case t r i v i a l , c u r r e n t l y £7-8.00 per kg. The use of 
excessive grinding times should also be avoided as t h i s both 
introduces contamination and reduces sample throughput. 
6.4 CONCLUSIONS 
1. The use of hydrogen a d d i t i o n i n ICP-MS, apparently 
promotes the formation of argon polyatomic ions leading 
t o increased levels of interference from these species. 
2. This i s a t t r i b u t e d to lo c a l cooling of the plasma, due 
t o the higher thermal c o n d u c t i v i t y of hydrogen i n 
comparison t o argon leading t o more e f f i c i e n t heat 
tr a n s f e r t o the sampling int e r f a c e . 
3. The s e n s i t i v i t y i s increased s l i g h t l y f o r many analyte 
ions but a t the expense of increased sampling cone 
ablation. 
4. The MVMO"*" r a t i o s are improved. This has been shown t o 
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advantageous f o r the analysis of rare earth elements 
S l u r r y n e b u l i s a t i o n has been s u c c e s s f u l l y a p p l i e d t o 
ICP-MS. The p o t e n t i a l f o r c o n t a m i n a t i o n from t h e 
zirconia grinding elements has been assessed and shown, 
i n t h i s p a r t i c u l a r case, t o be n e g l i g i b l e . 
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THE EFFECT OF HYDROGEN ADDITION ON THE EQUILIBRIUM 
CONDITIONS IN THE ANALYTICAL INDUCTIVELY COUPLED PLASMA 
7.1 INTRODUCTION 
The a n a l y t i c a l ICP has grown i n t o one of the most powerful 
t o o l s i n the armoury of the a n a l y t i c a l chemist f o r the 
determination of elemental composition. For such a widely 
used technique, remarkable f o r i t s s i m p l i c i t y and ruggedness 
of operation, i t i s equally remarkable t h a t there i s no 
universally accepted description of the plasma. This i s not 
due t o lack of e f f o r t but t o the complexity of the problem. 
The concept of thermal equilibrium i n the plasma i s central 
t o t h e e l u c i d a t i o n o f e x c i t a t i o n mechanisms. The 
d i s t r i b u t i o n of species i n the plasma can be described by a 
number of f u n c t i o n s which are s t r o n g l y dependent upon 
temperature. For the purposes of the work presented here, 
the Saha Equation (Equation 7.1) and Boltzmann equation 
(Equation 7.2) are the most important (Table 7.1). 
A state of complete thermal equilibrium (GTE) ex i s t s i f each 
r e l a t i o n s h i p i s obeyed exactly, f o r every species, and the 
c h a r a c t e r i s t i c temperature terms are equivalent. This i s 
c l e a r l y not t h e case i n t h e a n a l y t i c a l ICP as i t i s 
obviously not a black body r a d i a t o r ( i . e . i t does not obey 
Plancks Law). 
The plasma, as a whole, cannot be t r e a t e d as a t r u e 
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thermodynamic system as i t i s inhomogeneous. I f t h e 
thermodynamic system i s defined as any s p e c i f i c s p a t i a l 
p oint w i t h i n the plasma body, a deviation from CTE can be 
de f i n e d where, w i t h t h e e x c e p t i o n o f Plancks Law, t h e 
d i s t r i b u t i o n f u nctions are obeyed and the c h a r a c t e r i s t i c 
temperature terms are equivalent. This s p e c i a l case of 
th e r m a l e q u i l i b r i u m i s known as l o c a l thermodynamic 
e q u i l i b r i u m (LTE). Although there i s ample evidence t h a t 
LTE does not e x i s t i n the a n a l y t i c a l ICP, i t provides a 
mathematically simple benchmark with which the " r e a l " system 
can be compared- One consequence of LTE i s t h a t the 
measurement of any one c h a r a c t e r i s t i c temperature or 
population density completely characterises the system at 
any stated pressure. 
One aim o f fundamental m e c h a n i s t i c s t u d i e s i s t h e 
determination of the extent of de v i a t i o n from LTE and the 
i d e n t i f i c a t i o n o f t h e processes which l e a d t o these 
deviations- One approach t o the determination of the extent 
of LTE has been the study of ion t o atom emission r a t i o s . 
7.1.1 THE USE OF ION TO ATOM EMISSION RATIOS FOR THE STUDY 
OF THERMAL EQUILIBRIUM IN THE INDUCTIVELY COUPLED 
PLASMA 
The ion t o atom emission r a t i o ( I j ^ / I ^ ) can be calculated at 
LTE, using an expression derived by Boumanns (107) from the 
Saha and Boltzmann equations (Table 7.1). 
l i / I ^ = (4.83 X 102Vne)(gAion/Xion)(Xatoin/gAatoin)T'/^ lO"'' 
Eqn- 7.3 
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where: x = Ei + E"*" - E°) 504O/T 
n^ = electron density/m"^ 
T = Temperature/K 
lo n i s a t i o n Potential/eV 
Excitation Potential of lon/eV 
Excitation Potential of Atom/eV 
= S t a t i s t i c a l weighting 













Transition Probability of atom/s 
Wavelength of ion line/m 
Wavelength of atom line/m 
-1 
Deviations from LTE i n a 1 kW, 50 MHz ICP were studied by 
Boumans and De Boer (108) and i n a 27 MHz ICP by Furuta and 
Hor l i c k (109), both sets of authors using e s s e n t i a l l y the 
same approach f o r c a l c u l a t i n g I ^ / I a emission r a t i o s . This 
involved the assumption of an e l e c t r o n density from the 
l i t e r a t u r e but the use of an e x c i t a t i o n temperature derived 
from e x p e r i m e n t a l data. Each set of authors r e p o r t e d 
e s s e n t i a l l y the same observations, the experimental values 
f o r I ^ / I a exceeded the c a l c u l a t e d values i n d i c a t i n g an 
overpopulation of the ion l e v e l s w i t h respect t o atomic 
l e v e l s when compared w i t h LTE p o p u l a t i o n s . This was 
i n t e r p r e t e d i n support of the concept o f suprathermal 
processes o r i g i n a l l y proposed as major pathways f o r analyte 
e x c i t a t i o n and i o n i s a t i o n i n the a n a l y t i c a l ICP by Mermet 
(110). 
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TABLE 7.1: THE 8AHA AND BOLTZMANN EQUATIONS 
The Saba - Egert Equation - D i s t r i b u t i o n of Adjacent 
l o n i s a t i o n States 
Ks = " i + l " e / ^ i = (2 Qi+i/Qi) {2rmk/h3) V 2 T.3/2 
Ks = Saha Equilibrium Constant m"*' 
" i = Total nxunber density of i t h state in-3 
" i + 1 = Total n\imber density of ( i + l ) t h state m" 
"e = electron number density m"^  
m = mass of electron g 
K = Boltzman Constant 
h = Plancks Constant 
Ei = l o n i s a t i o n Potential J 
Ti = l o n i s a t i o n Temperature K 
Qi+1 , Qj^  = P a r t i t i o n Function of Relevant State 
The Boltzmann Equation - Line I n t e n s i t y Formulae 
I = (hc/47r) (g^A/X) (n/Q^) exp (-E/kT^^c) 
where 
I = I n t e n s i t y of Emission 
gk = s t a t i s t i c a l Weight of upper bound state 
A = Transition p r o b a b i l i t y s"^ 
A = Wavelength of emission m 
n = Total number i n l o n i s a t i o n State 
Qj^  = Partion function f o r upper bound state 
-E = Excitation Potential J 
"^ exc " Excitation Temperature K 
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A d i f f e r e n t framework f o r the c a l c u l a t i o n of e q u i l i b r i u m 
values of I j ^ / I ^ was proposed by Caughlin and Blades (111, 
112). This was l a t e r adopted by Smith and Denton (113) and 
Rezaaiyaan and H i e f t j e (114). This approach assumed t h a t 
the e l e c t r o n number density (n^) was governed only by the 
i o n i s a t i o n o f argon, a te m p e r a t u r e d e r i v e d from t h e 
measurement of n^ would therefore be i n t e r n a l l y consistent 
w i t h i n the concept of LTE. I n contrast t o the e a r l i e r work 
(108, 109), these authors (111-114) reported an apparent 
underpopulation of i o n i c l e v e l s w i t h respect t o atomic, 
compared t o LTE ( i . e . experimental values o f . 1 ^ / 1 ^ were 
smaller than calculated LTE values). 
I n t e r e s t i n g l y , one set of authors (114) a l s o used t h e 
approach of Boumans and De Boer (108) t o calculate values of 
1^/1^. Under t h i s regime, the experimental data apparently 
showed an overpopulation of the ioni c levels. 
I f the assumption that n^ i s governed only by the i o n i s a t i o n 
of argon i s j u s t i f i e d , then the approach of Caughlin and 
Blades (111/ 112) i s rigorous, self-consistent and provides 
a mathematically simple convention t o calculate other plasma 
properties. 
7.2 EXPERIMENTAL AND RESULTS 
The e f f e c t o f hydrogen a d d i t i o n upon t h e e x t e n t o f 
eq u i l i b r i u m i n the ICP was investigated by the measurement 
of ion t o atom emission r a t i o s ( ( l i / I a ^ e x p t ^ three sets 
of plasma operating conditions. These conditions are shown 
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i n Table 7.2 and correspond t o the following optima derived 
via Simplex optimisation routines. 
i . Optimum con d i t i o n s f o r a t y p i c a l s o f t , atomic l i n e 
(Cu(I) 324.75nm) based upon SBR as a f i g u r e of merit-
The u n i v a r i a t e search about the optimum i s shown i n 
Fig. 7.1. 
1 1 . Optimum c o n d i t i o n s f o r a t y p i c a l hard i o n i c l i n e , 
(Mn(II) 257.61nm) based on SBR as a f i g u r e of merit. 
The u n i v a r i a t e search f o r hydrogen a d d i t i o n about the 
optimum i s shown i n Fig. 7.2. 
i i i - Optimum conditions f o r a n a l y t i c a l recovery of T i from a 
f i r e b r i c k s l u r r y (Chapter 4 ) . A l t h o u g h aqueous 
solutions of the analytes were generally the source f o r 
the determination of ( l i / ^ a ^ e x p t ' ^® r a t i o s were 
also determined using a f i r e b r i c k s l u r r y . 
The emission l i n e s used and relevant fundamental data are 
given i n Table 7.3. The r e s u l t s are shown g r a p h i c a l l y i n 
Figs 7.3-8 as p l o t s of ( l i / ^ a ^ e x p t versus % hydrogen i n 
inner gas. The general features are summarised below., 
i . With the exception of Sr, a l l species demonstrate high 
^ i / ^ a r a t i o s at the optimum conditions f o r T i recovery 
from a s l u r r y when compared t o optimum conditions f o r 
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Fig. 7.4 EXPERIMENTAL CALCIUM ION/ATOM EMISSION 
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Fig. 7.5 EXPERIMENTAL MAGNESIUM ION/ATOM EMISSION 
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Fig. 7.6 EXPERIMENTAL IRON ION/ATOM EMISSION 
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TABLE 7.2: PLASMA OPERATING CONDITIONS AT OPTIMA FOR HARD AND 
SOFT LINE EMISSION AND FOR ANALYTICAL RECOVERY OF T i 
FROM A FIREBRICK SLURRY 






Hard 1.15 1-37 17 3.04 
S o f t 1.10 1.54 21 2.09 
A n a l y t i c a l 
Recovery 1.6 1.1 19 6.08 
NB; Outer Gas Flow = 24 dm^ min~^ 
Intermediate Gas Flow =0.4 dm^ min"^ 
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TABLE 7.3: ION AND ATOM EMISSION LINES WITH ASSOCIATED 
FUNDAMENTAL DATA 
Spe c i e s X/nm 10"^gA/s"^ l o n i s a t i o n E x c i t a t i o n 
P o t e n t i a l / e V P o t e n t i a l / e V 
Z n ( I I ) 202.548 13.2 9.391 6.13 
2 n ( I ) 213.856 21.27 5.80 
C d ( I I ) 226.502 6.0 8.991 5.47 
C d ( I ) 228.802 15.9 5.42 
F e ( I I ) 238.204 92 7.87 5.20 
F e ( I ) 248.327 53.9 4.99 
Mg(II) 279.553 10.4 7.644 4.43 
Mg(I) 285.213 14*4 4.35 
C a ( I I ) 393.66 5.88 6.11 3.152 
C a ( I ) 422.673 6.54 2.936 
S r ( I I ) 421.552 2.54 5.629 2.940 
S r ( I ) 460.733 6.03 3.042 
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e i t h e r hard or s o f t l i n e s . 
i i . I n a l l c a s e s , t h e optimum f o r h a r d l i n e e m i s s i o n 
demonstrate higher v a l u e s of ( l i / ^ a ^ e x p t ^^^^ those f o r 
s o f t l i n e c o n d i t i o n s . 
i i i . The a d d i t i o n of hydrogen i n c r e a s e s t h e i o n t o atom 
emission r a t i o s f o r a l l s p e c i e s under a l l c o n d i t i o n s . 
i v . The behaviour of Fe and Mg a t optimum c o n d i t i o n f o r T i 
recovery may d i f f e r depending upon whether the a n a l y t e 
o r i g i n a t e s from a s l u r r y or a s o l u t i o n . 
7.3 DISCUSSION AND INTERPRETATION OF RESULTS 
The purpose of t h e s e e x p e r i m e n t s was t o c h a r a c t e r i s e t h e 
argon-hydrogen plasma w i t h p a r t i c u l a r r e f e r e n c e t o t h e 
e x t e n t o f d e v i a t i o n f r o m L T E and t h u s t o p r o b e t h e 
c o n d i t i o n s w h i c h a p p a r e n t l y f a v o u r t h e a t o m i s a t i o n o f 
r e f r a c t o r y s l u r r y p a r t i c l e s (Chapter 4 ) . 
A f u l l y q u a n t i t a t i v e i n t e r p r e t a t i o n of the experimental data 
probably r e q u i r e s a d d i t i o n a l d a t a , e.g. r a d i a l l y r e s o l v e d 
v a l u e s f o r n^. A q u a l i t a t i v e treatment can be attempted i f 
two assumptions are made: 
1. The a d d i t i o n of hydrogen i n c r e a s e s the e l e c t r o n d e n s i t y 
of t he system, the j u s t i f i c a t i o n f o r t h i s l i e s i n the 
l i t e r a t u r e ea.- W a l t e r s and B a r n a r d t ( 3 6 ) . 
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2. The LTE c a s e w i l l p r e d i c t t h e broad t r e n d s i n t h e 
behaviour of the experimental system. 
Using equation 7.3, e q u i l i b r i u m v a l u e s of l i / I a ^® 
c a l c u l a t e d and t h e g e n e r a l b e h a v i o u r w i t h r e s p e c t t o 
under c o n d i t i o n s of LTE can be compared t o the experimental 
system. As e quation 7.3 i s a r i g o r o u s LTE e x p r e s s i o n , the 
approach of C a u g h l i n and B l a d e s (111-112) was adopted t o 
generate i n t e r n a l l y c o n s i s t e n t v a l u e s of (T) with r e s p e c t to 
e l e c t r o n d e n s i t y ( n ^ ) . 
7.3.1 CALCULATION OF PLASMA EQUILIBRIUM TEMPERATURE 
The b a s i c a s s u m p t i o n i s t h a t e l e c t r o n d e n s i t y ( n ^ ) i s 
d e t e r m i n e d s o l e l y by t h e i o n i s a t i o n of t h e s u p p o r t gas 
I . e . Ar = Ar + e (eqn- 7,3.1) 
Minor plasma s p e c i e s formed from the decomposition of water 
c o n t r i b u t e l i t t l e t o t h e e l e c t r o n d e n s i t y a s t h e i r 
i o n i s a t i o n p o t e n t i a l s are not s u f f i c i e n t l y lower than Ar to 
y i e l d s i g n i f i c a n t l y h i g h e r d e g r e e s of i o n i s a t i o n . The 
i o n i s a t i o n of a n a l y t e s p e c i e s i s t h e r e f o r e determined by the 
"common i o n " e f f e c t of the f r e e e l e c t r o n . 
I f t h e s e assumptions are v a l i d , 
then n^ = rip^j.-^ 
and Kg = n^ n^^+/nAr ^ '^e^/^Ar (eqn.7.3.3.) 
where = Saha e q u i l i b r i u m constant 
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n^ ^ = number d e n s i t y of s p e c i e s x 
I f t h e number of a n a l y t e s p e c i e s i s s m a l l compared t o the 
number of Ar s p e c i e s , then the t o t a l number d e n s i t y n^o^ ^® 
defined a s : 
" t o t = "Ar + "e "Ar"*- = "Ar + ^n^ 
t h e r e f o r e 
"Ar = " t o t " (egn. 7.3.4) 
s u b s t i t u t i n g eqn. 7.3.4 i n t o eqn. 7.3.3 
Ks = "e V ( " t o t - ^n^) (eqn. 7.3.5) 
r e a r r a n g i n g (eqn. 7.3.5) 
n^^ + 2 Kg n^ - Kg n^^^ = 0 ( eqn.7.3.6) 
from Daltons Law 
" t o t = P/^T 
and equation 7.3.6 becomes 
ng2 + 2 Kg n^ - Kg (P/kT) = 0 (eqn. 7.3.7) 
which i s a q u a d r a t i c i n n^ and can be s o l v e d u s i n g t h e 
q u a d r a t i c formula. T h i s was c o n v e n i e n t l y done by the use of 
a s h o r t computer program w r i t t e n i n BASIC. C a l c u l a t i o n of 
Kg r e q u i r e s the v a l u e s of g^ ,^ g^, the s t a t i s t i c a l weights of 
i o n s and atoms f o r argon. These terms a r e the sum of the 
degeneracies of the i n d i v i d u a l s p e c t r o s c o p i c s t a t e i n which 
g = (2 J + 1) where J i s the t o t a l angular momentum of t h a t 
s t a t e c a l c u l a t e d from Russel-Saunders Coupling. 
T h i s can be shown as f o l l o w s . 
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The exact form of the Saha equation (Table 7.1) i s : 
Kg = 2 ( Z i ( T ) / Z a ( T ) ) (2JnnkT/h2)V2 expC-E^/kT) 
where Zj^, Z^ a r e the r e l e v a n t p a r t i t i o n f u n c t i o n s : 
i f Z = En gn ® ^ (-E^/kT). 
I f kT i s l a r g e compared t o E^, then Ej^/kT tends t o 0, and 
t h e r e f o r e exp(-Ej^/kT) tends t o 1 
and 
Z i = ^n ^n-
T h e r e f o r e t h e Saha e q u a t i o n ca n be w r i t t e n i n i t s more 
normal form of: 
Kg = 4.83 X 10^1 T^/2 g^/g^ e x p ( E i / k T ) . 
Where g^^, g^ a r e t h e sums of t h e d e g e n e r a c i e s o f t h e 
i n d i v i d u a l s p e c t r o s c o p i c s t a t e s f o r t h e i o n and atom. 
V a l u e s f o r gj^, g^ were c a l c u l a t e d f o r Ar and o t h e r systems 
of i n t e r e s t and are shown i n Table 7.4. 
U s i n g v a l u e s f o r argon of g^ ^ = 6 and g.^  = 1, a range of 
e l e c t r o n d e n s i t i e s w i t h t h e i r a s s o c i a t e d LTE temperatures 
ar e given i n Table 7.5 and g r a p h i c a l l y i n F i g . 7.9. 
7.3.2 CALCULATION OF EQUILIBRIUM ION TO ATOM EMISSION RATIOS 
The LTE v a l u e s f o r t e m p e r a t u r e and n^ d e r i v e d from eqn. 
7.3.7 were s u b s t i t u t e d i n t o eqn. 7.6 and t h e r e s u l t a n t 
v a l u e s f o r l i / I g under c o n d i t i o n s of LTE a r e shown i n F i g s 
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TABLE 7 . 4 : ELECTRONIC COKFIGURATIONS, TOTAL AMGULUAR MOMENTUM 


























( A r ) 4 s ^ 











[ ( A r ) 4 s 2 3d^°] 3d"^ 
[(Kr5s2410^°] 4d"^ 
7/2, 5/2 8, 6 
7/2, 5/2 8, 6 
Zn 
Cd' 
(Ar) 4s^ 4d^^ 
(Kr) Ss^ 5d^° 
215-
TABLE 7.5: ELECTRON DENSITIES AND CORRESPONDING TEMPERATURES 
FOR A PLASMA IN LOCAL THERMAL EQUILIBRIUM 




























7.10-7.14. The p r e c i s e behaviour of 1^/1^ depends upon the 
1s t i o n i s a t i o n p o t e n t i a l o f t h e element and i s governed by 
changes i n a, the degree of i o n i s a t i o n where: 
a = Kg/(Kg + n^) (eqn. 7.3.8). 
The degree o f i o n i s a t i o n f o r r e p r e s e n t a t i v e s o f e a s i l y , 
m o d e r a t e l y and d i f f i c u l t t o i o n i s e e l e m e n t s has been 
c a l c u l a t e d p r e v i o u s l y as a f u n c t i o n o f n^, T u s i n g eqn. 
7.3.8 and LTE values of n^, T d e r i v e d v i a eqn. 7.3.7 (F i g s . 
6.7-9). This enables a reasoned e x p l a n a t i o n o f t h e t r e n d s 
observed f o r {^i/Ia^LTE " i ^ ^ respect t o n^, T f o r : 
(a) E a s i l y l o n i s a b l e Element e.g. Sr, Ca. The ( l i / ^ a ^ L T E 
r a t i o s f o r e a s i l y i o n i s a b l e elements are suppressed as 
the e l e c t r o n number density/temperature increases ( F i g . 
7.10-11). These elements are almost t o t a l l y i o n i s e d , 
an increase i n temperature suppresses i o n i s a t i o n v i a 
t h e "common i o n e f f e c t " o f t h e i n c r e a s e d e l e c t r o n 
d e n s i t y ( F i g . 6.7). Although t h i s suppression appears 
s m a l l , eg. f o r Sr, a = 99.998 a t n^ = 5 x 10^^ cm*^ t o 
a = 99.992 a t n^ = 5 x 10^^ cm"^, t h i s r e s u l t s i n a 
2.7 f o l d increase i n t h e t o t a l atom p o p u l a t i o n and a 
subsequent f a l l o f 2/3 i n t h e r e l a t i v e t o t a l i o n t o 
atom r a t i o . 
(b) Moderate l o n i s a t i o n P o t e n t i a l s e.g. Mg, Fe. The 
(Ij^ / I ^ ) L T E J^^tio f o r elements w i t h moderate i o n i s a t i o n 
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energies increase s l i g h t l y w i t h i n c r e a s i n g temperature 
or n^ ( F i g s . 7.12). These species are h i g h l y i o n i s e d 
(eg. a = 95%) and a shows only a small dependence upon 
T, ng ( F i g s . 6.8), e.g. For Ca, a = 0.953 a t n^ = 5 x 
10^^ cm"^ t o a = 0.962 a t n^ = 5 x 10^^ cm"^, t h i s 
r e s u l t s i n a f a l l i n t h e atom p o p u l a t i o n o f 20% and 
c o n s e q u e n t r i s e o f 20% i n t h e t o t a l i o n t o atom 
pop u l a t i o n s . 
(c) High l o n i s a t i o n Energies e.g. Zn, Cd. The ( l i / I a ^ L T E 
r a t i o f o r elements w i t h a h i g h i o n i s a t i o n p o t e n t i a l 
show l a r g e i n c r e a s e s w i t h r e s p e c t t o i n c r e a s i n g 
temperature, n^ ( F i g s . 7.14-15). These elements are 
o n l y moderately i o n i s e d but a shows a l a r g e p o s i t i v e 
dependency upon n^, T ( F i g s . 6.9-17), eg. f o r Zn, a = 
0.802 a t n^ = 5 X lO^'* cm"^ t o a = 0.89 a t n^ = 5 x 
10^^ cm"-^ . Thus atom p o p u l a t i o n s are h a l v e d w i t h a 
subsequent doubling o f t o t a l i o n t o atom p o p u l a t i o n . 
7.3.3 INTERPRETATION OF EXPERIMENTAL DATA - QUALITATIVE 
APPROACH 
The experimental i o n t o atom emission r a t i o s ( ^ i / I a ^ e x p t 
l e s s than those c a l c u l a t e d from a r i g o r o u s LTE c a l c u l a t i o n 
o v e r t h e commonly a c c e p t e d range o f r e p o r t e d e l e c t r o n 
d e n s i t i e s and i n d i c a t e s t h a t the plasma i s not c h a r a c t e r i s e d 
by LTE e ^ . n^ = 10^"* - 10^^ cm"^. 
Q u a l i t a t i v e p r e d i c t i o n o f e x p e r i m e n t a l b e h a v i o u r can be 
proposed based upon the observations of Walters and Barnardt 
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( 3 6 ) , i . e . hydrogen a d d i t i o n i n c r e a s e s n^, and a g e n e r a l 
assumption t h a t a lthough t h e experimental system does not 
obey LTE c o n d i t i o n s e x a c t l y , the broad trends o f t h e l a t t e r 
w i l l h o l d f o r the former. 
PREDICTION 
Aissuming t h a t t h e e x t e n t o f e q u i l i b r i u m i s n o t p e r t u r b e d 
then: 
(a ) As t h e h y d r o g e n c o n c e n t r a t i o n i n c r e a s e s , t h e 
(^iZ-^a^expt e a s i l y i o n i s a b l e elements (Ca, Sr) 
should decrease (Figs. 7.10-11). 
(b) As the hydrogen c o n c e n t r a t i o n increases t h e ( l i / l a ^ e x p t 
f o r the i n t e r m e d i a t e i o n i s a b l e elements (Figs. 7.12-13) 
should increase s l i g h t l y (e.g. 10-30%). 
The e x p e r i m e n t a l o b s e r v a t i o n s do n o t f o l l o w these s i m p l e 
p r e d i c t i o n s , the e a s i l y i o n i s a b l e species, e.g. Ca, Sr ( F i g 
7.3-4) show e x a c t l y o p p o s i t e b e h a v i o u r w h i l s t f o r 
i n t e r m e d i a t e i o n i s a b l e elements, e.g. Fe, Mg (Figs. 7.5-6), 
t h e magnitude o f t h e changes are much g r e a t e r t h a n t h e 
p r e d i c t i o n a l l o w s . Thus, t h e simple p r o p o s i t i o n t h a t t h e 
increased e l e c t r o n number d e n s i t i e s r e p o r t e d f o r hydrogen 
a d d i t i o n a r e r e s p o n s i b l e f o r t h e t r e n d s i n i o n t o atom 
emission r a t i o s can be discounted. 
A second hypothesis might be t h a t t h e a d d i t i o n o f hydrogen 
p e r t u r b s t h e e x t e n t o f e q u i l i b r i u m o f t h e TCP. I f t h e 
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v a l u e s f o r ( ^ i / I a ^ e x p t lower t h a n those p r e d i c t e d by 
LTE, then i f t h e system moves towards LTE, t h e ( l i / I a ^ e x p t 
r a t i o s should move towards t h e i r e q u i l i b r i u m v a l ues, i . e . 
i n c r e a s e . T h i s i s t h e observed b e h a v i o u r f o r e a s i l y and 
moderately i o n i s a b l e elements and t h e r e f o r e we can conclude 
t h a t t h e a d d i t i o n o f hydroge n moves t h e s e s p e c i e s and 
po s s i b l y the e n t i r e system towards e q u i l i b r i u m . 
The elements w i t h h i g h i o n i s a t i o n p o t e n t i a l s have r a t i o s 
l e s s t h a n p r e d i c t e d f r o m LTE c o n s i d e r a t i o n s b u t t h e 
magnitude of the changes upon hydrogen a d d i t i o n are s i m i l a r 
t o what might be expected f o r probable increases i n n^ and 
t h e r e f o r e p r o v i d e s l i t t l e i n f o r m a t i o n w i t h r e s p e c t t o t h e 
extent of thermal e q u i l i b r i u m . 
7.3.4 MODEL FOR EQUILIBRATION OF AN Ar INDUCTIVELY COUPLED 
PLASMA UPON ADDITION OF HYDROGEN 
A q u a l i t a t i v e i n t e r p r e t a t i o n o f experimental data seems t o 
suggest t h a t the a d d i t i o n o f hydrogen moves t h e ICP towards 
LTE. This perhaps can be explained i n terms o f r a t e s o f mass 
and heat t r a n s f e r w i t h i n t h e ICP. I t has g e n e r a l l y been 
assumed t h a t t h e p r e s e n c e o f s t r o n g t e m p e r a t u r e and 
c o n c e n t r a t i o n f i e l d s i n t h e ICP a r e one o f t h e p r i m e 
causes/indicators of d e v i a t i o n from LTE i n the plasma. This 
can be modelled by t h e c o n c e p t u a l use o f a l a r g e t h r e e 
dimensional a r r a y , each c e l l o f which has i t s own d i s t i n c t 
p r o p e r t i e s . The e x t e n t t o which any c e l l i s i n t h e r m a l 
e q u i l i b r i u m w i t h i t s neighbours depends upon t h e r a t e o f 
heat t r a n s f e r and t h e r a t e o f mass t r a n s f e r . D e v i a t i o n s 
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from LTE occurs when the r a t e of the former i s s u b s t a n t i a l l y 
slower than t h e l a t t e r , i . e . b e f o r e t h e r m a l e q u i l i b r i u m i s 
a t t a i n e d , t h e c e l l c o n t e n t s are d i s p l a c e d by a new mass o f 
gas. The r a t e o f heat t r a n s f e r i s a d i r e c t f u n c t i o n o f the 
thermal c o n d u c t i v i t y of the gas. A d d i t i o n o f hydrogen which 
i n c r e a s e s t h e t h e r m a l c o n d u c t i v i t y , would a l l o w t h e c e l l 
contents t o proceed f u r t h e r towards LTE before mass exchange 
occurs. This e f f e c t would tend t o homogenise t h e system, 
i . e . t h e c e l l dimension would increase t h e r e f o r e a l l o w i n g 
th e i n t r a - c e l l processes t o proceed f u r t h e r towards t h e i r 
e q u i l i b r i u m c o n d i t i o n . 
T h i s model may be s t r e t c h e d a l i t t l e f u r t h e r t o suggest a 
r o u t e by which i o n l e v e l s are depopulated w i t h r e s p e c t t o 
LTE i n a r e a l system ( i . e . the source o f low I j ^ / I a r a t i o s ) . 
I f an i o n d e - e x c i t a t i o n / r e - c o m b i n a t i o n r o u t e i s a v a i l a b l e 
w h i c h i s f a s t b u t has a r e l a t i v e l y s m a l l e q u i l i b r i u m 
c o n s t a n t compared t o o t h e r i o n processes, t h e n a t s h o r t 
t o t a l r e a c t i o n t i m e s , t h i s process may be a co m p a r a t i v e l y 
important r o u t e , and e f f e c t i v e l y depopulate i o n l e v e l s . 
As r e a c t i o n t i m e s i n c r e a s e , s l o w e r b u t more 
thermodynamically f a v o u r a b l e r o u t e s begin t o dominate and 
io n p o p u l a t i o n l e v e l s tend towards t h e i r e q u i l i b r i u m values. 
This can be summarised AS, a t a p p r e c i a b l e d e v i a t i o n s from 
LTE, t h e system i s under k i n e t i c c o n t r o l b u t a t s m a l l 
d e v i a t i o n s from LTE t h e system tends towards thermodynamic 
c o n t r o l . 
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I t i s o n l y a s h o r t , i n t u i t i v e s t e p , which a r i s e s n a t u r a l l y 
f r o m t h i s m o d e l , t o a p p o r t i o n i n g t h e blame f o r non-
e q u i l i b r i u m behaviour t o t h e presence o f d e s o l v a t i n g water 
d r o p l e t s . These p a r t i c l e s e n t e r t h e plasma as a d i s t i n c t 
phase, e v a p o r a t i o n o f t h e d r o p l e t and d i s s o c i a t i o n o f t h e 
water vapour i n th e close v i c i n i t y o f t h a t d r o p l e t , leads t o 
l o c a l i s e d c o o l i n g . T h i s r e s u l t s i n p o w e r f u l , l o c a l i s e d 
temperature g r a d i e n t s around t h a t d r o p l e t , t h e conceptual 
c e l l described p r e v i o u s l y i s t h e r e f o r e very small and leads 
t o k i n e t i c c o n t r o l o f t h e system. A d d i t i o n o f hydrogen t o 
t h e plasma gas t h e r e f o r e a l l o w s f a s t e r heat t r a n s f e r from 
t h e bul)c plasma t o the r e g i o n o f t h e water d r o p l e t . This 
allows both a homogenisation of the l o c a l thermal g r a d i e n t s 
and i f the d r o p l e t ' s evaporation i s heat t r a n s f e r c o n t r o l l e d 
( 3 2 ) , an e l i m i n a t i o n o f t h e s o u r c e o f t h e l o c a l i s e d 
g r a d i e n t s . 
There i s some evidence i n t h e l i t e r a t u r e t o s u p p o r t t h i s 
h y p o t h e s i s . As p r e v i o u s l y discussed (Chapter 1 ) , t h e r e i s 
an a p p a r e n t dependency o f e x p e r i m e n t a l l y d e t e r m i n e d 
e x c i t a t i o n temperatures upon e x c i t a t i o n p o t e n t i a l ( 3 1 , 41, 
42), i . e . curvature i n Boltzmann p l o t s when the thermometric 
species i s introduced as an aqueous ae r o s o l . I f however the 
thermometric species i s i n t r o d u c e d as a vapour o f Mo(CO)g, 
l i n e a r Boltzmann p l o t s . a r e o b t a i n e d . S i m i l a r l y i f aqueous 
aerosols are used t o introduce the thermometric species, the 
use of low i n j e c t o r f l o w r a t e s t o increase plasma residence 
t i m e s , a l s o l e a d s t o l i n e a r Boltzmann p l o t s ( 4 2 ) . The 
a d d i t i o n of hydrogen may reduce c u r v a t u r e : A b i l a and Trassy 
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(114) r e p o r t e d an a p p r e c i a b l e decrease i n c u r v a t u r e o f 
Boltzmann p l o t s of the OH molecular emission system but 
Boltzmann p l o t s o f F e ( I ) and T i ( I ) systems were s t i l l 
d i s t i n c t l y n o n - l i n e a r according t o t h e r e p o r t by M u r i l l o 
and Mermet (41) • 
7.3.5 DISCUSSION OF EXCITATION PROCESSES 
I o n t o atom em i s s i o n r a t i o s o f f e r a c o n v e n i e n t means o f 
probing i o n i s a t i o n and e x c i t a t i o n processes i n the ICP. I f 
t h e approach o f Caughlin and Blades (111, 112) i s used t o 
generate a s e l f - c o n s i s t e n t LTE model, then experimental i o n 
t o atom em i s s i o n r a t i o s are lower t h a n expected, i . e . an 
u n d e r p o p u l a t i o n o f t h e i o n i c l e v e l s w i t h respect t o atomic 
s t a t e s . T h i s i s i n many ways a s i m p l e r c o n d i t i o n t h a n 
overpopulation of i o n i c s t a t e s and does not r e q u i r e Penning 
type mechanisms f o r which the case i n the a n a l y t i c a l ICP i s 
d o u b t f u l . 
The dominance of t h e r m a l i s e d processes, the "close t o LTE" 
h y p o t h e s i s , depends upon a l i m i t i n g e l e c t r o n d e n s i t y , t h e 
magnitude o f which i s governed by t h e energy d i f f e r e n c e 
between upper and lower bound s t a t e s . E x c i t e d p o p u l a t i o n s 
are dominated by c o l l i s i o n a l processes i f : 
n^ > 1.6 X lO^^Tg^ E*^  where T^ = e l e c t r o n temperature, 
E = energy d i f f e r e n c e between bound s t a t e s i n t h e same 
i o n i s a t i o n s t a t e (116). 
I n g e n e r a l , t h e energy d i f f e r e n c e s between e x c i t e d s t a t e s 
223-
are s m a l l and are t h e r e f o r e e a s i l y t h e r m a l i s e d ( i e . s m a l l 
v a l u e s o f n^ a r e r e q u i r e d ) . S t e p w i s e e x c i t a t i o n / d e -
e x c i t a t i o n t h e r e f o r e r a p i d l y couples h i g h l y e x c i t e d s t a t e s 
t o t h e resonance s t a t e . The t y p i c a l energy d i f f e r e n c e s 
between h i g h l y e x c i t e d atoms and ground s t a t e i o n s a r e 
s m a l l , a l l o w i n g c o u p l i n g between these a t moderate e l e c t r o n 
d e n s i t i e s (eg. n^ = 1.8 x 10^^ m"^  f o r E = 0.5 eV). 
The l i m i t i n g f a c t o r which u s u a l l y determines whether e x c i t e d 
atomic s t a t e s , i o n i c and atomic ground s t a t e s are t h e r m a l l y 
e q u i l i b r a t e d i s the a v a i l a b i l i t y o f a resonance s t a t e w i t h a 
s u f f i c i e n t l y low e x c i t a t i o n p o t e n t i a l . For an e l e c t r o n 
d e n s i t y o f 10^^ m"^ , o n l y resonance s t a t e s w i t h an energy 
l e s s t h a n 1.9 eV w i l l be t h e r m a l l y e q u i l i b r a t e d w i t h t h e 
atomic ground s t a t e . T his corresponds t o a wavelength o f 
652.6 nm, t h e r e f o r e one prime r e q u i s i t e f o r LTE i n a normal 
a n a l y t i c a l ICP (eg. n^ = 10^^ m"-'), i s t h a t t h e r e must be an 
atomic resonance l i n e which e m i t s above 652 nm. S i m i l a r 
arguments h o l d f o r p o p u l a t i o n s o f e x c i t e d i o n i c s t a t e s . 
T a b l e 7.6 l i s t s t h e l o w e s t resonance s t a t e s (128) w i t h 
c o r r e s p o n d i n g t h r e s h o l d v a l u e s o f n^ f o r t h e a n a l y t e s 
s t u d i e d . As would be expected, atomic s t a t e s have lower 
energy resonance l e v e l s than i o n i c s t a t e s and consequently 
lower t h r e s h o l d values f o r n^. I n some cases, (eg. S r ( I ) , 
C a ( I ) ) , t h e s e r e s o n a n c e l e v e l s a r e l i k e l y t o be 
s u b s t a n t i a l l y t h e r m a l i s e d , consequently t h e h i g h e r atomic 
and ground i o n i c s t a t e s are a l s o l i k e l y t o be p o p u l a t e d by 
predominantly c o l l i s i o n a l processes. 
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TABLE 7.6: LOWEST RESONANCE LEVEL FOR ANALYTES STUDIED 
Species X/nm 10"®gA/s E/eV lO'^ln^/m"^ 
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I f t h e t h r e s h o l d value o f n^ i s taken as being i n d i c a t i v e 
o f ease o f t h e r m a l i s a t i o n , t h e n an approximate o r d e r o f 
c l o s e s t approach t o LTE would be f o r an atomic system, S r ( I ) 
< Ca(I) < F e ( I ) « Cd(I) < Z n ( I ) < Mg(I) and f o r an i o n i c 
system S r ( I I ) < C a ( I I ) < M g ( I I ) < F e ( I I ) < Z n ( I I ) . 
The consequences o f these arguments are t h a t even f o r t h e 
cases where the ground s t a t e i o n i s coupled t h e r m a l l y t o the 
g r o u n d s t a t e atom v i a t h e e x c i t e d a t o m i c l e v e l s , t h e 
presence o f n o n - c o l l i s i o n a l , i n f r a - t h e r m a l . e x c i t e d i o n i c 
p o p u l a t i o n s w i l l l e a d t o an under i o n i s a t i o n o f t h e system 
w i t h respect t o LTE. There i s t h e r e f o r e no requirement f o r 
Penning type e x c i t a t i o n / i o n i s a t i o n processes: 
eg. Penning l o n i s a t i o n 
Ar* + M = Ar + M"*" + e 
These r e a c t i o n s r e q u i r e an o v e r p o p u l a t i o n o f a r g o n 
m e t a s t a b l e s p e c i e s i f t h e r e v e r s e p r o c e s s i s t o be 
minimised. Measurements of argon metastable p o p u l a t i o n s by 
H a r t (117) and Uchida e t a l . (118-120) i n d i c a t e d no such 
o v e r p o p u l a t i o n , a d d i t i o n a l measurements by Bla d e s and 
H i e f t j e (121) i n d i c a t e d t h a t the metastable l e v e l s were not 
o v e r p o p u l a t e d w i t h r e s p e c t t o r a d i a t i v e l e v e l s . These 
measurements o b v i o u s l y c o n t r a d i c t t h e b a s i c assumption o f 
proponents o f the Penning mechanisms and i n c o n j u n c t i o n w i t h 
t h e l a t e r work on i o n t o atom e m i s s i o n r a t i o s seems t o 
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i n d i c a t e t h a t these processes are p r o b a b l y i n s i g n i f i c a n t 
pathways f o r e x c i t a t i o n / i o n i s a t i o n i n the a n a l y t i c a l ICP. 
Charge t r a n s f e r mechanisms; 
i . e . Ar"*" + M = Ar + M"*" + 
Ar"*" + M = Ar + M"*"* + ^^ E 
have been assigned as p o s s i b l e mechanisms f o r some s p e c i a l 
cases by Schram e t a i . (122) and Marichy e t a l . ( 1 2 3 ) . 
These resonance processes are favoured when E 0 and are 
t h e r e f o r e l i m i t e d t o cases where e i t h e r t h e i o n i s a t i o n 
p o t e n t i a l , o r sum o f i o n i s a t i o n and e x c i t a t i o n p o t e n t i a l , 
are approximately the same as the i o n i s a t i o n p o t e n t i a l o f Ar 
(e.g. 15.76 eV) . The forward processes may be d i f f i c u l t t o 
j u s t i f y c o n s i d e r i n g t h e l a r g e excess o f atomic argon w i t h 
r e s p e c t t o i o n i c ( i . e . degree o f i o n i s a t i o n o f argon i s 
sma l l , n^j. ^ = = 10^^ cm"-^  w h i l s t n^j.= 10^® cm"-^ ) . 
The concept o f " c l o s e t o LTE" d e s c r i b e d e a r l i e r has t h e 
advantages o f being simple i n concept and i n mathematics. 
I t has been extended t o t a k e account o f charge t r a n s f e r 
p r o c e s s e s as causes o f s p e c i f i c a nomalies e.g. van d e r 
M u l l e n et. a l . . ( 1 2 4 ) . The most common f o r m i n v o l v e s 
assigning d e v i a t i o n from LTE t o r a d i a t i v e processes such as 
spontaneous emission and r a d i a t i v e r e c o m b i n a t i o n ; i . e . t h e 
c o l l i s i o n a l r a d i a t i v e model; 
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eg. M* = M + h-U" 
M"*" + e = M"^* + e 
M + e = M* + e 
l i n e 
M"*"* M"*" + h\r l i n e 
M+ + e M* + hzTcontin 
The reverse processes are, on t h e whole, n e g l i g i b l e i f t h e 
plasma i s o p t i c a l l y t h i n . T h i s a p p r o a c h , a p p l i e d by 
Hasegawa and H a r a g u c h i ( 1 2 5 , 126) p r e d i c t s b o t h t h e 
o v e r p o p u l a t i o n o f atomic l e v e l s and o f low energy atomic 
l e v e l s w i t h r e s p e c t t o h i g h e r . These p r e d i c t i o n s a r e 
c o n f i r m e d by, i n t h e f o r m e r case, i o n t o atom e m i s s i o n 
r a t i o s l e s s than p r e d i c t e d by LTE models found both d u r i n g 
t h i s work and by others (111-114) and i n the l a t t e r case, by 
n o n - l i n e a r Boltzmann p l o t s ( e g . 115, 42, 4 1 , 3 1 ) . I n 
g e n e r a l , n o n - l i n e a r pathways, i f i n c o r p o r a t e d i n t o t h e 
c o l l i s i o n a l - r a d i a t i v e model are shown t o be i n s i g n i f i c a n t 
except f o r s p e c i a l cases. Recently Burton and Blades (127) 
a t t r i b u t e d d e v i a t i o n s o f a n a l y t e l e v e l p o p u l a t i o n s f o r 
seve r a l species s o l e l y t o r a d i a t i v e processes. 
The c o l l i s i o n a l - r a d i a t i v e model c u r r e n t l y provides p o s s i b l y 
t h e b e s t d e s c r i p t i o n o f t h e a n a l y t i c a l ICP. I t i s 
compatable w i t h the proposed model f o r e q u i l i b r a t i o n of the 
plasma upon a d d i t i o n o f h y d r o g e n , e s p e c i a l l y i f t h e 
r a d i a t i v e recombination r o u t e i s assumed t o be a r e l a t i v e l y 
f a s t b u t l e s s e n e r g e t i c a l l y f a v o u r e d r o u t e . T h i s a l s o 
r a t i o n a l i s e s the observation t h a t s o f t l i n e emission plasma 
c o n d i t i o n s apparently y i e l d a system which deviates f u r t h e r 
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from LTE t h a n hard l i n e c o n d i t i o n s , t h e l a t t e r r e q u i r e s 
m i n i m i s a t i o n of the i n f l u e n c e o f the r a d i a t i v e recombination 
process w h i l s t the former i s r e i n f o r c e d by the i n f l u e n c e o f 
r a d i a t i v e recombinations. 
7.4 Conclusions 
1. I o n t o atom emission r a t i o s i n d i c a t e an i n f r a - t h e r m a l 
p o p u l a t i o n system f o r t h e a n a l y t e s i n t h e a n a l y t i c a l 
ICP. 
2. The a d d i t i o n of hydrogen acts t o e q u i l i b r a t e t h e 
a n a l y t i c a l ICP. 
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INSTRUMENTATION. REAGENTS AND MISCELLANEOUS MATERIALS 
8.1 KONTRON S35 INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION 
SPECTROMETER 
The Kontron S35 (Kontron GMBH, Eching, FDR) c o n s i s t s o f t h e 
f o l l o w i n g components. The spectrometer i s a 0.6 m Czerny-
T u r n e r t y p e w i t h a 2400 lines/mm h o l o g r a p h i c g r a t i n g . 
Wavelength s e l e c t i o n u t i l i s e s an o p t i c a l angle encoder which 
enables t h e g r a t i n g p o s i t i o n t o be s e l e c t e d t o an accuracy 
of 1/10000 of a degree, which corresponds t o 0.0015 nm. The 
s p e c t r o m e t e r i s housed w i t h i n an i n s u l a t e d c o n s t a n t 
temperature (37 ± O.l^'C) enclosure. The plasma i s viewed 
t h r o u g h a p e r i s c o p e which a l l o w s o b s e r v a t i o n from 0-60mm 
above the load c o i l . The spectrometer and viewing periscope 
are f u l l y computer c o n t r o l l e d . 
The ICP t o r c h i s of a demountable G r e e n f i e l d design mounted 
i n a f o u r t u r n , water cooled, copper c o i l . The RF generator 
i s a 3.5 kW, 27.12 MHz c r y s t a l turned system. The gas flows 
t o the t o r c h are metered using mass fl o w c o n t r o l l e r s . 
Sample i n t r o d u c t i o n was accomplished v i a . a high s o l i d s , v-
g r o o v e n e b u l i s e r (PS A n a l y t i c a l , S e v e n o a k s , UK) , 
c o n v e n t i o n a l S c o t t - t y p e double pass spray chamber and 3mm 
i . d . , p a r a l l e l q u a r t z i n j e c t o r s . The s t a n d a r d v-groove 
n e b u l i s e r s u p p l i e d by the manufacturer was m o d i f i e d f o r use 
w i t h a 3 mm d i a . i n j e c t o r . As h i g h e r i n n e r gas f l o w s are 
r e q u i r e d f o r optimum o p e r a t i o n when u s i n g a 3 mm d i a . 
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i n j e c t o r when compared t o t h e more u s u a l i n j e c t o r s (ca. 
1.8-2.0 miD d i a . ) , the gas o r i f i c e o f the n e b u l i s e r was bored 
out from 200 ^m t o 300 /im diameter. 
8.2 PERKIN-ELMER PLASMA I I INDUCTIVELY COUPLED PLASMA 
ATOMIC EMISSION SPECTROMETER 
The Perkin-Elmer Plasma I I ( P e r k i n - E l m e r , B e a c o n s f i e l d , 
Bucks, UK) c o n s i s t s o f t h e f o l l o w i n g components. The 
spectrometer i s a 1 meter Ebert t y p e w i t h a 1800 lines/mm 
h o l o g r a p h i c g r a t i n g . The spectrometer i s mounted w i t h i n a 
i n s u l a t e d , constant temperature v e s s e l c o n t i n u o u s l y purged 
w i t h argon. The plasma observation h e i g h t i s f u l l y v a r i a b l e 
between 5 and 40 mm above the l o a d c o i l and i n common w i t h 
the r e s t o f the instrument i s f u l l y computer c o n t r o l l e d . 
The ICP t o r c h i s of a demountable Fassel type w i t h a choice 
of i n j e c t o r tubes. To accommodate a 3mm i . d . i n j e c t o r tube, 
one s e c t i o n o f t h e t o r c h mounting ( P a r t No. N058-1531) was 
d r i l l e d out t o a l a r g e r diameter. The RF generator operates 
a t 27.12 MHz, under f u l l computer c o n t r o l and i s r a t e d t o 
1800 W. The c a r r i e r gas flows are metered using a mass flo w 
c o n t r o l l e r . Sample i n t r o d u c t i o n was accomplished u s i n g 
e i t h e r a Perkin-Elmer high s o l i d s , v-groove n e b u l i s e r or the 
analogous PS A n a l y t i c a l v e r s i o n . The spray chamber was a 
Scot t - t y p e , double pass design manufactured from Ryton. 
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8.3 VG PLASMAQUAD I I INDUCTIVBLY COUPLED PLASMA MASS 
SPECTROMETER 
The VG Plasmaquad I I ICP-MS i n s t r u m e n t (VG E l e m e n t a l , 
Winsford, Cheshire, UK) was s u b j e c t t o minor m o d i f i c a t i o n s 
t o a l l o w t h e use o f a mixed i n n e r gas. The on-board mass 
flo w c o n t r o l l e r which normally meters the inn e r gas f l o w was 
not used. The i n n e r gas was metered by use o f an e x t e r n a l 
mass f l o w c o n t r o l l e r (Tylane UK, Swindon, UK) fe d d i r e c t l y 
from t h e o u t p u t o f a s i g n a l gas blender ( S i g n a l I n s t r u m e n t 
Co. L t d . , Camberley, UK). The sample i n t r o d u c t i o n system 
was the standard instrument set-up w i t h the exception of the 
replacement o f the c o n c e n t r i c g l a s s n e b u l i s e r w i t h a h i g h 
s o l i d s v-groove n e b u l i s e r (PS A n a l y t i c a l , Sevenoaks, UK). 
8.4 SIGNAL GAS BLENDER 
A l l gas m i x t u r e s were prepared u s i n g a S i g n a l Gas Blender 
( S i g n a l Instrument Co. L t d . , Camberley, Surrey, UK). The 
o p e r a t i o n o f t h i s b l e n d e r r e l i e s upon a c o n s t a n t 
d i f f e r e n t i a l pressure across an o r i f i c e . T h is gas f l o w i s 
t h e r e f o r e d e t e r m i n e d by t h e o r i f i c e geometry, p r e s s u r e 
d i f f e r e n c e , temperature and d e n s i t y o f the gas. 
The design o f t h e blender u t i l i s e s a cons t a n t o u t p u t , f l o w 
r a t i o arrangement as shown i n F i g u r e 8.1. Stream 2 i s 
designed as a s e l f contained f l o w c o n t r o l c i r c u i t f o r c i n g 
t h e f l o w through t h e o r i f i c e o f Stream 1. I f t h e Stream 1 
o r i f i c e i s designed f o r a fl o w o f 1 dm-^  min"^ w h i l s t Stream 
2 s u p p l i e s , f o r i n s t a n c e , 0.1 dm-^  min"^, t h e n t h e o u t p u t 
from Stream 1 w i l l c o n s i s t o f 90% o f t h e o r i g i n a l Stream 1 
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F i g . 8.1 GAS FLOW DIAGRAM FOR SIGNAL GAS BLENDER 























gas and 10% o f the Stream 2 gas. I f the Stream 2 o r i f i c e i s 
of v a r i a b l e geometry then the composition o f the gas a t the 
o u t p u t o f t h e Stream 1 o r i f i c e w i l l be dependent upon t h e 
flo w through the Stream 2 o r i f i c e . 
The w h o l e f l o w a s s e m b l y i s c o n t a i n e d w i t h i n a 
t h e r m o s t a t i c a l l y c o n t r o l l e d box. C a l i b r a t i o n i s o b t a i n e d 
u s i n g a t r a c e o f propane i n Stream 2 (span g a s ) . The 
propane i s measured u s i n g a f l o w i o n i s a t i o n d e t e c t o r which 
has been c a l i b r a t e d a g a i n s t a p r i m a r y s t a n d a r d * The 
composition of the gas mixture i s repeatable t o w i t h i n 2% of 
the s e t - p o i n t . As t h e r e i s a pressure drop o f 25 p s i across 
the blender, the i n p u t pressure was normally 95 p s i ensuring 
an output pressure of 70 p s i . 
8.5 ZIRCONIA BEADS 
V i t r i f i e d z i r c o n i a beads (2.5-3.0 mm d i a . . Glen Creston 
L t d . , Stanmore, Middlesex, UK) were cleaned as f o l l o w s . The 
"as received" beads were f i r s t washed w e l l w i t h water, then 
shaken v i g o r o u s l y w i t h water, i n 250 cm"^  c a p a c i t y , screw 
topped "Nalgene" b o t t l e s (BDH, Poole, Dorset , UK) f o r 30 
m i n u t e s on a s t a n d a r d l a b o r a t o r y f l a s k s h a k e r ( e . g . 
Galenkamp). These beads were than washed w e l l w i t h water, 
then f u r t h e r t r e a t e d by u l t r a s o n i c c l e a n s i n g f o r 30 mins, 
u s i n g f i r s t a 5% v/v aqueous s o l u t i o n o f Decon 90 (BDH, 
Poole, Dorset, UK) and secondly d i l u t e n i t r i c a c i d (1:20, 
c o n c e n t r a t e d HN03:H20). A f t e r washing w e l l w i t h water t h e 
beads were d r i e d a t 105"C and s t o r e d i n c l e a n , d r y , screw 
capped Nalgene b o t t l e s . 
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To a v o i d e x c e s s i v e c o n t a m i n a t i o n due t o breakdown o f t h e 
v i t r i f i e d s u r f a c e o f t h e beads, t h e z i r c o n i a beads were 
discarded a f t e r one use-
8.6 REAGENTS 
A l l reagents, w i t h the exception of the s u r f a c t a n t s Aerosol 
OT and T r i t o n X-100, were o f a n a l y t i c a l grade o r b e t t e r 
(BDH, Poole, UK). The s u r f a c t a n t s were a v a i l a b l e as general 
l a b o r a t o r y grade o n l y but were o f adequate p u r i t y . Water 
was 18 VLSI reagent q u a l i t y s u p p l i e d from a M i l l i - Q system 
( M i l l i p o r e Corporation, Bedford, MA, USA). 
8.7 CERTIFIED REFERENCE MATERIAL 
The f o l l o w i n g r e f e r e n c e m a t e r i a l s were o b t a i n e d v i a . t h e 
Bureau of Analysed Samples L t d . (BAS, Newby, Middlesbrough, 
UK) : 
Coal (SARM 18, 19, 20, South A f r i c a n Bureau of Standards) 
F i r e b r i c k (BCS 269, ECRM 776-1) 
Calcined Bauxite (BCS 394) 
Bastnasite M i l l Feed Ore (ICS 40, B r i t i s h Geological Survey, 
UK) 
Hay Powder (VIO, I n t e r n a t i o n a l Atomic Energy Agency, 
A u s t r i a ) . 
Hay Powder (BCR 129) and Spruce Needles (BCR 101) were 
ob t a i n e d d i r e c t l y from t h e Community Bureau o f Reference, 
(BCR, 200 Rue de l a L o i , B r u s s e l s , B e l g i u m ) . 
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8.8 PARTICLE SIZE ANALYSIS 
A C o u l t e r C o u n t e r T A I I m u l t i c h a n n e l p a r t i c l e c o u n t e r 
(Coulter E l e c t r o n i c s L t d . , Luton, Bedfordshire, UK) was used 
f o r p a r t i c l e s i z e a n a l y s i s using the p r o p r i e t a r y e l e c t r o l y t e 
I s o t o n I I as dispersant and d i l u e n t . 
The a l l s t a i n l e s s s t e e l , cascade impactor was obtained from 
Anderson Samples I n c . , A t l a n t a , Georgia, USA. 
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9.1 conclusions 239 
9.2 Further Work 242 
9 . 1 CONCLUSIONS 
The o r i g i n a l aims o f t h i s p r o j e c t have, on t h e whole, been 
addressed s u c c e s s f u l l y . The use o f m o l e c u l a r gases t o 
modify t h e thermochemical p r o p e r t i e s o f t h e i n d u c t i v e l y 
coupled plasma as a means o f improving t h e accuracy o f the 
analyses o f r e f r a c t o r y m a t e r i a l s by s l u r r y n e b u l i s a t i o n 
ICP-AES/MS has been i n v e s t i g a t e d i n some d e t a i l . The e f f e c t 
of the p h y s i c a l p r o p e r t i e s o f the s l u r r y have been shown t o 
be of prime importance and suggests t h a t d i r e c t c a l i b r a t i o n 
w i t h aqueous s o l u t i o n s must be t h e method o f c h o i c e f o r 
s l u r r y n e b u l i s a t i o n ICP-AES/MS. 
The use o f molecular gases i n ICP-MS has been i n v e s t i g a t e d 
and the use of plasma m o d i f i c a t i o n as a means o f e l u c i d a t i n g 
e x c i t a t i o n / i o n i s a t i o n p r o c e s s e s i n t h e a n a l y t i c a l ICP 
demonstrated. 
T h r e e g a s e s were a s s e s s e d f o r p o t e n t i a l use as a 
v o l a t i l i s a t i o n a i d , n i t r o g e n , h e x a f l u o r e t h a n e (Freon 116) 
and hydrogen. The a d d i t i o n of n i t r o g e n t o t h e i n j e c t o r gas 
d i d n o t appear t o a s s i s t t h e de c o m p o s i t i o n o f r e f r a c t o r y 
s l u r r i e s , t h e a p p l i c a t i o n o f Simplex o p t i m i s a t i o n r o u t i n e s 
t o o p t i m i s e plasma o p e r a t i n g c o n d i t i o n s u s i n g a n a l y t i c a l 
recovery as the f i g u r e o f m e r i t was su b j e c t t o e r r o r i f the 
aqueous s o l u t i o n was not overmatched w i t h e a s i l y i o n i s a b l e 
e l e m e n t s . I f t h i s p r o c e d u r e was n o t ad o p t e d t h e n t h e 
d r i v i n g f o r c e i n t h e o p t i m i s a t i o n was t h e maximisation o f 
the enhancement due t o e a s i l y i o n i s a b l e elements present i n 
hig h concentrations i n the s l u r r y . 
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The use o f Freon 116 as a p o t e n t i a l v o l a t i l i s a t i o n a i d i n 
s l u r r y n e b u l i s a t i o n ICP-AES was prey t o some unusual plasma 
che m i s t r y which r e s u l t e d i n n o n - l i n e a r c a l i b r a t i o n curves. 
T h i s was a t t r i b u t e d t o t h e f o r m a t i o n o f a c l a s s i c a l mass 
a c t i o n b u f f e r i n v o l v i n g metal f l u o r i d e species (e.g. A l F ) , 
confirmed by t h e i d e n t i f i c a t i o n o f AlF i n t h e plasma from 
i t s c h a r a c t e r i s t i c molecular emission spectra. 
The a d d i t i o n o f h y d r o g e n was e f f e c t i v e i n p r o m o t i n g 
decomposition of h i g h l y r e f r a c t o r y s l u r r i e s . This a b i l i t y 
was r e f l e c t e d i n h i g h e r r o t a t i o n a l t e m p e r a t u r e s i n 
comparison t o an a l l argon system and was a t t r i b u t e d t o 
increased energy t r a n s f e r from t h e t o r u s o f t h e plasma t o 
the c e n t r a l channel due t o the h i g h l y t h e r m a l l y conductive 
hydrogen gas. This energy t r a n s f e r process appeared t o be 
s e l f - l i m i t i n g and a model was proposed t o account f o r t h i s 
behaviour. 
C o r r e l a t i o n o f t h e p a r t i c l e s i z e d i s t r i b u t i o n (PSD) o f t h e 
s l u r r y w i t h a n a l y t i c a l r e c o v e r y showed t h a t a c c u r a t e 
analyses by s l u r r y n e b u l i s a t i o n r e q u i r e d t h a t the PSD must 
be l e s s t h a n 2 ^m. Measurement o f t h e a n a l y t e t r a n s p o r t 
e f f i c i e n c y i n a number o f s l u r r i e s r e l a t i v e t o an aqueous 
s o l u t i o n c o n f i r m e d t h i s o b s e r v a t i o n and a l l o w e d t h e 
deconvolution o f atomisa t i o n and t r a n s p o r t processes. Thus 
f o r a s l u r r y t y p i c a l l y used f o r t h e i n v e s t i g a t i o n o f t h e 
e f f e c t s o f m o l e c u l a r gas a d d i t i o n , o n l y ca 80% o f t h e 
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m a t e r i a l e n t e r i n g an a l l argon plasma c o n t r i b u t e d t o t h e 
a n a l y t i c a l s i g n a l . For a hydrogen m o d i f i e d plasma, a l l o f 
t h e m a t e r i a l e n t e r i n g t h e plasma c o n t r i b u t e d t o t h e 
a n a l y t i c a l s i g n a l . 
R e l a t i v e l y s m a l l changes i n p a r t i c l e s i z e d i s t r i b u t i o n o f 
the s l u r r y r e s u l t e d i n s i g n i f i c a n t v a r i a t i o n s i n a n a l y t i c a l 
r e c o v e r y . I t i s c l e a r t h a t f o r good q u a l i t y a n alyses by 
s l u r r y n e b u l i s a t i o n ICP s p e c t r o m e t r y , d i r e c t aqueous 
c a l i b r a t i o n must be the p r e f e r r e d method. I f c a l i b r a t i o n i s 
o b t a i n e d versus standard s l u r r i e s o r e m p i r i c a l c o r r e c t i o n 
f a c t o r s f o r aqueous standards, close c o n t r o l of the p a r t i c l e 
s i z e o f t h e s l u r r y , w i t h i n narrow bands, i s r e q u i r e d i f t h e 
accuracy and p r e c i s i o n i s not t o be unacceptably degraded. 
The e f f i c i e n c y of d i s p e r s i o n was shown t o be c r i t i c a l . The 
m i c r o - f l o c c u l a t i o n o f v e r y f i n e s l u r r y p a r t i c l e s y i e l d e d 
s t a b l e assemblies which behaved as s i n g l e l a r g e p a r t i c l e s . 
T h i s r e s u l t e d i n l o s s o f a n a l y t i c a l a c c u r a c y w h i c h was 
r e s t o r e d by e i t h e r s e l e c t i o n of a more e f f i c i e n t s u r f a c t a n t 
or increase i n the c o n c e n t r a t i o n o f the o r i g i n a l s u r f a c t a n t . 
The use o f hydrogen a d d i t i o n f o r ICP-MS appeared t o promote 
the f o r m a t i o n o f argon polyatomic ions l e a d i n g t o increased 
l e v e l s o f i n t e r f e r e n c e . T h i s was considered t o be due t o 
l o c a l c o o l i n g o f the plasma i n the r e g i o n o f the i n t e r f a c e 
as a consequence o f more e f f i c i e n t heat t r a n s f e r v i a t h e 
a d d i t i o n o f h i g h l y t h e r m a l l y c o nductive hydrogen gas. I n 
c o n t r a s t the MVMO"*" r a t i o s were improved and t h i s was shown 
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t o be advantageous f o r the a n a l y s i s of r a r e e a r t h elements. 
This was s u c c e s s f u l l y a p p l i e d t o the a n a l y s i s of r a r e e a r t h 
elements i n a B a s t n a s i t e c e r t i f i e d r e f e r e n c e m a t e r i a l by 
s l u r r y n e b u l i s a t i o n ICP-MS. 
The e f f e c t of hydrogen a d d i t i o n upon t h e e x t e n t o f ther m a l 
e q u i l i b r i u m i n t h e ICP was i n v e s t i g a t e d by t h e measurement 
of i o n t o atom emission r a t i o s . I n f r a - t h e r m a l e x c i t a t i o n 
processes were i n d i c a t e d w h i l s t the a d d i t i o n o f the hydrogen 
moved t h e system towards e q u i l i b r i u m . A mechanism f o r 
e q u i l i b r a t i o n upon a d d i t i o n o f hydrogen was proposed based 
upon t h e r e l a t i v e k i n e t i c and thermodynamic p r o p e r t i e s o f 
e x c i t a t i o n / i o n i s a t i o n processes and r a t e s o f mass and heat 
t r a n s f e r . This hypothesis appeared t o be c o n s i s t e n t w i t h a 
c o l l i s i o n a l - r a d i a t i v e a p p r o a c h t o t h e m e c h a n i s t i c 
i n t e r p r e t a t i o n o f the a n a l y t i c a l ICP. 
9.2 FURTHER WORK 
A number o f areas o f r e s e a r c h connected b o t h w i t h s l u r r y 
n e b u l i s a t i o n i n d u c t i v e l y coupled plasma spectrometry and the 
wider a p p l i c a t i o n s of mixed gas plasma present themselves. 
(a) I t appears t h a t the l i m i t i n g f a c t o r i n o b t a i n i n g good 
a n a l y t i c a l accuracy by s l u r r y n e b u l i s a t i o n i n d u c t i v e l y 
c o u p l e d plasma s p e c t r o m e t r y i s t h e r e j e c t i o n o f 
m a t e r i a l i n the sample i n t r o d u c t i o n system. I f d i r e c t 
aqueous c a l i b r a t i o n , the p r e f e r r e d method, i s used then 
a maximum p a r t i c l e s i z e o f 2 m^ i s imposed upon t h e 
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s l u r r y and t h i s must be coupled t o complete p a r t i c l e 
d i s p e r s i o n by t h e use o f s u i t a b l e s u r f a c t a n t s . The 
a t t a i n m e n t o f these c o n d i t i o n s i s n o t i m p o s s i b l e , i n 
most cases, b u t t h e f o r m e r r e q u i r e m e n t may p r e s e n t 
c o n s i d e r a b l e d i f f i c u l t i e s and p o t e n t i a l l y i n t r o d u c e 
unacceptable l e v e l s of contamination, p a r t i c u l a r l y f o r 
u l t r a - t r a c e a n a l y s i s and l e a d t o e x t e n d e d sample 
p r e p a r a t i o n times. 
I t would be hoped, t h a t a r i g o r o u s study o f t h e sample 
i n t r o d u c t i o n system, r e s u l t i n g i n a design o p t i m i s e d 
f o r s l u r r y n e b u l i s a t i o n might r a i s e t h e 2 /im l i m i t t o 5 
/im. T h i s would e f f e c t i v e l y t r i v i a l i s e t h e problems 
a s s o c i a t e d w i t h s l u r r y sample p r e p a r a t i o n . F a c t o r s 
t h a t s h o u l d be c o n s i d e r e d would i n c l u d e , t u r b u l e n t 
versus laminar f l o w r e g i o n s , r e c i r c u l a t i o n p a t t e r n s , 
and t h e use of a u x i l i a r y gas flows t o c o n t r o l p a r t i c l e 
t r a j e c t o r i e s , d e s o l v a t i o n , a t t i t u d e and o v e r a l l 
g e o m e t r y o f t h e sample i n t r u c t i o n s y s t e m . The 
successful i n t r o d u c t i o n o f these l a r g e r p a r t i c l e s would 
probably r e q u i r e the use of a hydrogen m o d i f i e d plasma. 
(b) I t has been shown t h a t hydrogen a d d i t i o n increases the 
l e v e l s o f argon p o l y a t o m i c s i n i n d u c t i v e l y c o u p l e d 
plasma mass spectrometry. This was a t t r i b u t e d t o an 
increase i n energy t r a n s f e r t o t h e i n t e r f a c e from t h e 
plasma due t o the high thermal c o n d u c t i v i t y of hydrogen 
i n comparison t o argon. The a d d i t i o n o f gases more 
m a s s i v e t h a n a r g o n e.g. k r y p t o n and xenon w i t h 
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c o n s e q u e n t l y l o w e r t h e r m a l c o n d u c t i v i t i e s s h o u l d 
t h e r e f o r e decrease t h e l e v e l s o f argon p o l y a t o m i c s . 
T h i s e f f e c t w ould p r o b a b l y be r e - i n f o r c e d by t h e 
c o m p e t i t i o n o f these gases f o r t h e o t h e r component o f 
t h e p olyatomic ( i . e . p r e f e r e n t i a l f o r m a t i o n o f KrO"*", 
KrCl"*", KrN"*", KrS"*" e t c ) . 
(c) The use o f hydrogen a d d i t i o n i n t h e m e c h a n i s t i c study 
o f t h e a n a l y t i c a l ICP s h o u l d be c o n t i n u e d and w i t h 
s p e c i f i c reference t o the r o l e of water. The apparent 
dependence of the e x c i t a t i o n temperature upon energy of 
t h e upper s t a t e i s a w e l l known consequence o f non-
e q u i l i b r i u m and appears t o be c o n n e c t e d w i t h t h e 
presence o f water i n t h e ICP. The use o f d e s o l v a t i o n 
d e v i c e s t o c o n t r o l a e r o s o l and v a p o u r l o a d i n g s , 
hydrogen a d d i t i o n and the i n t r o d u c t i o n o f thermometric 
species as anhydrous vapours (e.g. Fe(C0)5, Mo(C0)g 
et c ) would enable t h e c a r e f u l c h a r a c t e r i s a t i o n o f non-
e q u i l i b r i u m e f f e c t s and t h e t r u e r o l e o f water i n t h e 
a n a l y t i c a l ICP. The use o f t o m o g r a p h i c i m a g i n g 
techniques f o r t h e study o f plasma sources, a v a i l a b l e 
a t Plymouth, would be a v a l u a b l e a d j u n c t f o r t h e s e 
s t u d i e s . 
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